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The challenges posed by unexpected and poorly
known natural hazard are manifold: scientific, tech-
nical and societal. Until 2018, Mayotte was classified
as a zone of moderate seismicity and low probabil-
ity of volcanism among French territories. The onset
of the seismic crisis offshore Mayotte in May 2018,
which appeared to be volcanic in the course of its dis-
covery, has triggered an unprecedented mobilization
of the French scientific, administrative and political
communities (Figure 1). Understanding the event,

* Corresponding author.

ISSN (electronic) : 1778-7025

building a message, communicating to the popula-
tion: all had to be constructed and invented, with the
additional difficulty that nothing was visible given
that the eruption happened offshore on the several
kilometers deep oceanic floor.

Even though it is not possible to cite all the actions
of the French scientific and institutional communi-
ties in response to the seismo-volcanic crisis of May-
otte, some milestones appear in the chronology of
crisis management. After the first earthquake swarms
of 10 May 2018, the local bureau of the BRGM in May-
otte in charge of seismic risk was mobilized and is-
sued an alert. The large chock of magnitude Mw5.9
occurred on 15 May 2018, 5 days after continuous

https://comptes-rendus.academie-sciences.fr/geoscience/
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Figure 1. Summary of major events, decisions and

starting 10 May 2018 in Mayotte.

and increasing seismicity that worried the popula-
tion in a time of social unrest and tension, with the
difficulty for the authorities to transmit an audible
message on an unexpected and worrisome event. A
macroseismic survey was launched in June 2018. As
the seismicity remained important, the seismological
community outlined projects for on- and off-shore
deployment of seismic stations based on preliminary
locations with an inadequate network. In July 2018,
the French geodetic survey (IGN) noticed an unex-
plained change in ground motions recorded by the
GNSS stations. The scientific community interpreted
these ground motion changes as due to the defla-
tion of magmatic chamber in the crust or in the man-
tle, with or without seafloor eruption [Lemoine et al.,
2020]. Later in November 2018, a strong and long
single-frequency, very low frequency seismic signal is
observed several thousand kilometers from Mayotte
on global seismic networks. Such a “tremor” is usu-
ally associated with magmatic circulation or reservoir
draining [Cesca et al., 2020].

Governmental and scientific institutions con-
vened and organized their effort towards under-
standing the seismo-volcanic event in Novem-
ber 2018, leading to the creation of the “Réseau
de surveillance Volcanique et Sismologique de
Mayotte’—REVOSIMA (Volcanic and Seismologi-
cal Monitoring Network of Mayotte), with the re-
quirement to develop scientific knowledge, identify
and transmit alerts, disseminate regular informa-
tion. CNRS-INSU opened a call for survey projects
at the beginning of 2019. This rapidly mobilized

actions triggered by the seismo-volcanic events

funding allowed the deployment of ocean bottom
seismometers, and the first MAYOBS-1 cruise that
led to the discovery of a new submarine volcano
[Feuillet, 2019, Feuillet et al., 2021], later called “Fani
Maoré”. Since then, recurrent campaigns have been
organized to monitor the evolution of the Fani Maoré
volcano (up to MAYOBS-27 at the time of writing).
In addition, three oceanographic cruises have been
conducted to better understand the geologic and
geodynamic setting of this volcanic eruption in 2021
(Figure 2), “SISMAORE” and “GEOFLAMME” with
the R/V Pourquoi Pas?, and “SCRATCH” using the
R/V Marion Dufresnes II. These surveys deployed a
huge panel of marine geophysical techniques and
resulted in the collection of 16 sediment cores and
18 dredges over the northern Mozambique channel,
which will give work to scientists for several decades.

To sustain this unprecedented scientific effort, the
French National Research Agency (Agence Nationale
dela Recherche—ANR) granted pluri-annual funding
to three ambitious projects involving international
and multidisciplinary scientific teams: “COYOTES”
aiming at understanding the geodynamics of the
northern Mozambique channel, “SUBSILAKE” with
the objective of monitoring geochemical changes in
a crater lake of Mayotte in response to the subma-
rine eruption, and “MARMOR” aiming at building a
multi-technique geophysical network of submarine
eruption monitoring in the area. The newly discov-
ered geo-hazard in the northern Mozambique chan-
nel also motivated the Comorian and French au-
thorities to reinforce their international collabora-
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Figure 2. Summary of research efforts since the 2018 Mayotte seismic and volcanic crisis. Elements
shown include seismic/GNSS stations installed in the Comoros archipelago, the number of which has
doubled since 2018. Also shown are the oceanographic cruises and their main operations (geophysical
surveys, sediment coring and or seafloor dredging): SISMAORE (December 2020-February 2021), GE-
OFLAMME (April-May 2021), SCRATCH (July 2021), and MAYOBS-1 to -23 (March 2019-July 2022).

tion through the “HATARI” Interreg project funded by
the European Union and coordinated by the Réunion
Regional Council.

Four years after the onset of the crisis, while it is
apparently coming to a rest, efforts to understand
what is happening and to put in place an efficient
monitoring network are still ongoing, at the national
and international level. For the French community,
scientific and risk managers, the implementation of
an underwater volcano monitoring network is not
only a challenge but may set an example (Marmor
project https://www.marmor-project.org/). The re-
cent Mayotte seismo-volcanic crisis has triggered al-
ready a large set of scientific studies as can be seen
from the many scientific articles and communica-
tions over the last 4 years. In this special issue, our
aim is to gather a wide spectrum of scientific works
around the event, without being exhaustive, in or-
der to give an overall understanding of the crisis. It is
composed of 19 articles, including details of the seis-
mic and volcanic sequence, the various risks asso-
ciated to its occurrence, its societal impact, but also

first local and regional understanding of the geologi-
cal, volcanic and geodynamic context of Mayotte and
the Comoros archipelago.

The first part of this thematic issue is a compila-
tion of the latest advances about the geological and
geodynamic context of the Mozambique channel.
Most of these advances are direct outcomes from the
ANR COYOTES project (https://anr.fr/Projet-ANR-
19-CE31-0018), from oceanic cruises such as SIS-
MAORE (doi:10.17600/18001331), and from the now
regular MAYOBS surveys (doi:10.18142/291). In Thi-
non et al. [2022] for instance, extension of the subma-
rine volcanism in the northern Mozambique chan-
nel is evidenced, and the regional geodynamics is in-
vestigated by means of marine geophysics. This first
part also questions the nature of the lithosphere be-
neath the Comoros archipelago, by probing its ther-
mal state from literature and newly published heat
flow measurements [Rolandone et al., 2022] and its
structure from teleseismic receiver functions [Dofal
et al., 2022]. Seismic reflection across the new vol-
cano East of Mayotte provides unprecedented in-
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sights about the chronology and architecture of vol-
canic seamount construction in this zone [Masquelet
et al.,, 2022]. Ocean bottom volcanic geomorphology
is also investigated from high-resolution bathymetry
and towed camera on the eastern submarine slope of
Mayotte [Puzenat et al., 2022].

In a second part of the thematic issue, a set of
studies on seismicity, geodesy, petrology, and gas
emissions focuses on the development of the May-
otte seismo-volcanic sequence and its evolution. De-
spite an inadequate network before 2019, the first
year of seismicity of the Mayotte sequence has been
carefully analyzed and is now presented in a new cat-
alogue of seismicity [Mercury et al., 2022]. A tele-
seismic source study of the largest events at the
onset of the sequence reveals their link to mag-
matic fracturing and transport [Morales-Yanez et al.,
2022]. With the seafloor and onland seismic mon-
itoring in place since 2019, the large amount of
data is investigated using automatic detection tech-
niques [Retailleau et al., 2022]. Although dissemi-
nated on few oceanic islands, large ground deforma-
tions (20-25 cm) are monitored via geodesy, which
are explained by magma transfer at depth in the
volcanic edifice [Peltier et al., 2022]. Eruptive ma-
terial collected on the seafloor thanks to oceano-
graphic campaigns helps constraining eruptive sce-
narios [Berthod et al., 2022]. The conditions required
for the genesis and eruption of phonolitic lavas such
as those found in this new volcano are explored
[Andujar et al., 2022]. Monitoring lavas flows with an
hydroacoustic network seems a promising develop-
ment for the study of the eruptive sequence [Bazin
et al.,, 2022]. Onland gases emissions on Petite Terre
offer a window on magmatic processes occurring at
depth during volcanic unrest [Liuzzo et al., 2022].
The co-eruptive evolution of these emissions also
impacts the water chemistry of maars as shown by
geochemical monitoring and modeling of the Dziani
Dzaha Lake on Petite Terre in Mayotte [Cadeau et al.,
2022].

In a third part, the possible consequences and
impacts of the eruption and its possible evolution
are explored in term of hazard and risk assessment.
Knowledge of the geological nature of the surface
rocks and deposits constrain possible site effects
during seismic shaking [Roullé et al., 2022]. Being
prepared and preventing damages in case of seis-
mic shaking can be explored for crisis management

[Taillefer et al., 2022]. The unstable submarine slopes
of Mayotte could be prone to landslides themselves
triggering tsunamis [Poulain et al., 2022].

The last part addresses how one communicates
in the midst of a crisis with so many unknowns. A
study based on news accounts reveals the various
facets of the narrative from the various communities
involved [Deves et al., 2022]. Another study explores
the perception of the crisis and how it is revealed in
the languages [Mori, 2022].

This issue is a step toward the better understand-
ing of the multiple sides of a volcanic eruption. It
gathers together a wide spectrum of scientific ap-
proaches and studies, which testify of the strong in-
volvement of the scientific community for assess-
ing natural hazard and risk to the populations. In
addition, the organization of an operational multi-
partner monitoring system in emergency and in a lit-
tle known geological area may serve as a model for
other regions subject to equivalent hazards and risks.
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Abstract. Geophysical and geological data from the North Mozambique Channel acquired during
the 2020-2021 SISMAORE oceanographic cruise reveal a corridor of recent volcanic and tectonic
features 200 km wide and 600 km long within and north of Comoros Archipelago. Here we identify
and describe two major submarine tectono-volcanic fields: the N'Droundé province oriented N160°E
north of Grande-Comore Island, and the Mwezi province oriented N130°E north of Anjouan and
Mayotte Islands. The presence of popping basaltic rocks sampled in the Mwezi province suggests
post-Pleistocene volcanic activity. The geometry and distribution of recent structures observed on
the seafloor are consistent with a current regional dextral transtensional context. Their orientations
change progressively from west to east (~N160°E, ~N130°E, ~EW). The volcanism in the western part
appears to be influenced by the pre-existing structural fabric of the Mesozoic crust. The 200 km-
wide and 600 km-long tectono-volcanic corridor underlines the incipient Somalia—Lwandle dextral
lithospheric plate boundary between the East-African Rift System and Madagascar.

Résumé. Des données géophysiques et géologiques ont été acquises lors de la campagne océa-
nographique SISMAORE (2020-2021). Deux grands champs tectono-volcaniques sous-marins ont
été découverts tout le long et principalement au nord de l'archipel des Comores : la province
N’Droundé orientée N160°E au nord de Grande-Comore, et la province Mwezi orientée N130°E au
nord d’Anjouan-Mayotte ol des roches basaltiques de type popping-rocks suggerent une activité
volcanique possiblement actuelle a pléistocene. La géométrie et la distribution des structures ré-
centes sont cohérentes avec un contexte régional actuel transtensif dextre. Leurs orientations évoluent
d’Ouest en Est (~N160°E, ~N130°E, ~EW), suggérant pour la partie occidentale, une mise en place du
volcanisme influencée par la structuration crustale préexistante. Le corridor tectono-volcanique de
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200 km de large et de 600 km de long dessine une limite de plaque lithosphérique Somalie-Lwandle
immature en décrochante dextre entre le systeme du rift est-africain et Madagascar.

Keywords. Volcanic province, Active tectonics, Incipient plate boundary, Bathymetry, Backscatter,
Northern Mozambique Channel, Comoros Archipelago.

Mots-clés. Province volcanique, Tectonique active, Frontiere de plaque naissante, Bathymétrie,
Rétrodiffusion, Canal du Mozambique Nord, Archipel des Comores.
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1. Introduction

The Comoros Archipelago, in the Mozambique Chan-
nel between east Africa and northern Madagascar
(Figure 1), is located along the poorly constrained
plate boundary between the Lwandle and Somalia
lithospheric plates [Famin et al., 2020, Kusky et al.,
2010, Stamps et al., 2018, 2021]. This boundary has
probably evolved jointly with the southward prop-
agation of the East African Rift System (EARS) [e.g.,
Franke et al., 2015, Mougenot et al., 1986].

Seismicity in the Mozambique Channel is of
moderate intensity and is concentrated along two
large-scale structures: Davie Ridge and the Comoros
Archipelago [Bertil and Regnoult, 1998, Bertil et al.,
2021, Lemoine et al., 2020; Figure 1]. Focal mecha-
nisms mainly indicate regional E-W extension along
Davie Ridge, considered to be a N-S trending off-
shore arm of the EARS [Courgeon et al., 2018, Déprez
et al., 2013, Deville et al., 2018]. West of the Co-
moros Archipelago, sparse focal mechanisms along
approximately N-S trending normal faults are also
compatible with E-W extension and may be re-
lated to the EARS [e.g., Klimke and Franke, 2016].
In contrast, seismicity in the Comoros Archipelago
indicates ESE-WNW distribution west of Mayotte
and ENE-WSW distribution east of Mayotte [Bertil
et al., 2021]. Elsewhere in the Archipelago, sparse
focal mechanisms suggest mainly strike-slip faulting
with a normal component, including the seismo-
volcanic sequence associated with the 2018-2021
East Mayotte eruption [Cesca et al., 2020, Feuillet
et al., 2021, Lemoine et al., 2020, Lavayssiere et al.,
2022, Mercury et al., 2022]. Holocene tectonic and
volcanic activity is also evident on the islands of An-
jouan and Mayotte [Famin et al., 2020, Quidelleur
et al., 2022] and in the abyssal plain north of the
Archipelago [Tzevahirtzian et al., 2021]. Recent stud-
ies [e.g., Bertil et al., 2021, Famin et al., 2020, Feuil-
let et al., 2021, Kusky et al., 2010, Lemoine et al.,
2020, Michon et al., 2016, Stamps et al., 2018, 2021]
have suggested that the Comoros Archipelago is lo-

cated along a diffuse or incipient plate boundary
between the Lwandle and Somalia plates, although
the sense of displacement is poorly constrained, be-
ing consistent with transtension, pure strike-slip, or
transpression.

Early work has focused on the Comoro Islands,
and few papers have treated the offshore parts of
the Archipelago (Figure 2). Using bathymetric data,
Audru et al. [2006] and Tzevahirtzian et al. [2021] pro-
vide overviews of the volcanic structures and slope
instabilities on the flanks of the islands. Since 2019,
Mayotte Volcanological And Seismological Moni-
toring Network [REVOSIMA (Mayotte Volcanologi-
cal And Seismological Monitoring Network), 2022]
has closely monitored the ongoing seismo-volcanic
events and reported detailed information, such as
seafloor morphology and seismic and volcanic activ-
ity on the eastern slope of Mayotte, where ~6.55 km?>
of magma erupted in January 2021), as well as the
lithology of volcanic structures [e.g., Berthod et al.,
2021a,b, Deplus et al., 2019, Feuillet et al., 2021,
Foix et al., 2021, Jacques et al., 2019, Lavayssiére
et al., 2022, REVOSIMA newsletter, 2021, Saurel et al.,
2022]. Yet, the age and nature of the volcanic Co-
moros Archipelago and surrounding areas are con-
strained only by analysis of onshore samples [Class
et al., 2005, Michon et al., 2016, Pelleter et al., 2014,
Quidelleur et al., 2022] and rare marine rock samples,
mostly from east of Mayotte [Berthod et al., 2021a,b,
Feuillet et al., 2021].

To fill this data gap, the geophysical and geological
SISMAORE oceanographic cruise, linked to the COY-
OTES project (COmoros & maYotte: vOlcanism, TEc-
tonics and Seismicity), took place off the Comoros
Archipelago from December 2020 to February 2021
[Thinon et al., 2020b]. This cruise acquired high-
resolution multibeam bathymetry and backscatter
data, shallow and deep seismic reflection profiles and
refraction data, heat flow, magnetic and gravity data,
and rock and sediment samples. In this paper, we fo-
cus on the main characteristics of the recent volcanic
and tectonic structures at a regional scale, to bet-
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Figure 1. (a) Regional geological context of the study area. Volcanism in the northern Mozambique
Channel from Michon et al. [2022] and Roche and Ringenbach [2022]. Earthquake locations from the
database of the International Seismological Centre [2021]; plate boundaries from Michon et al. [2022];
fracture zones from Davis et al. [2016]; boundary of oceanic crust and exhumed mantle (COB) from Roche
and Ringenbach [2022]; major faults of the East African Rift System (heavy black lines) from Michon et al.
[2022]; bathymetry from GEBCO, 2014 [Weatherall et al., 2015]. A, Ambilobe basin; DR, Davie Ridge; K,
Kerimbas basin; M, Majumba basin; N, Nacada basin. (b) Focal mechanisms compilation [Bertil et al.,
2021, and references therein] and present-day relative plate motions with respect to Nubia plate [Stamps
etal., 2021].

ter map the distribution of deformation around the In this paper, we propose a geodynamic configura-
Archipelago. Better knowledge of active structures tion that takes into account the pre-volcanism his-
and their regional geodynamic context will improve  tory of the northern Mozambique Channel and cur-
the identification and assessment of regional vol- rent regional kinematics.

canic, seismic, tsunamigenic, and landslide hazards.
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Figure 2. Map of major geographic features of the study area and data acquired during the 2020-
2021 SISMAORE cruise. SBP, sub-bottom profiler lines; thin lines, SISRAP, 48-channel seismic reflection;
Multichannel seismic (MCS) data, 960-channel seismic reflection Masquelet et al. [2022]; OBS, ocean
bottom seismometer. Multibeam echosounder system (MBES) and water column acoustic data were
obtained along all black lines Thinon et al. [2020b]. Volcanic islands: GC, Grande-Comore; Mo, Mohéli;
A, Anjouan; Ma, Mayotte. Major seamounts and chains: V, Vailheu; J, Jumelles; Z, Zélée Bank; G, Geyser
Bank; L, Leven Bank; C, Cordeliere Bank. White stars: K, Karthala volcano; FMV, Fani Maore volcano;
FaC, Fer a Cheval volcanic complex [Feuillet et al., 2021]. Detailed bathymetry from the compilation
of Tzevahirtzian et al. [2021] (surveys listed in references and in Counts et al. [2018]) superimposed on
GEBCO regional low-resolution bathymetry [Weatherall et al., 2015]. White outlines correspond to other

figures in this paper.

2. Regional settings
2.1. Volcanism of the Comoros Archipelago

The Comoros Archipelago includes the four main
islands, Grande-Comore, Mohéli, Anjouan and May-
otte, as well as submerged features including the
Jumelles seamounts, Vailheu seamount and the
Zélée-Geyser banks [e.g., Tzevahirtzian et al., 2021;
Figure 2]. Seismic stratigraphy [Leroux et al., 2020]
indicates that the main volcanic phase of Mayotte
(late Paleogene to Neogene) is much younger than

Zélée-Geyser banks (Cretaceous-Paleogene transi-
tion), which in turn are younger than the Glorieuses
seamounts (Late Cretaceous). Mayotte, oldest of
the four main islands, has a low elevation and a
well-developed insular shelf, as does Mohéli [Tze-
vahirtzian et al., 2021]. The onset of Mayotte’s vol-
canism was estimated at about 20 Ma by Michon
et al. [2016] and between 26 and 27 Ma by Masquelet
et al. [2022]. For Anjouan and Grande-Comore, high-
elevation volcanic islands with young relief, volcan-
ism could have started at 7 to 10 Ma [Michon et al.,
2016].
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Subaerial Mayotte is made up of three morpho-
logically and structurally distinct units correspond-
ing to three eruptive phases, which date from 10.6 to
1.5 Ma in the south part, from 7.1 to 1.0 Ma in the
northwest part and from 2.4 Ma to 0.15 Ma in the
northeast part and the nearby islet Petite-Terre [De-
beuf, 2004, Nehlig et al., 2013]. Volcanic ash layers in
dated lagoon sediments suggest that the most recent
volcanic and explosive activity on land is younger
than 7 ka [Zinke et al., 2003, 2005, and references
therein]. On the northern slope off Mayotte, several
small volcanic edifices are part of a longer line of vol-
canoes trending N140°E from Anjouan to Petite-Terre
[Audru et al., 2006]. On the seafloor east of Mayotte,
the MAYOBS monitoring cruises [Rinnert et al., 2019,
REVOSIMA newsletter, 2021] during the 2018-2021
Mayotte seismo-volcanic crisis have documented the
N110°E trending Eastern Volcanic Chain of Mayotte
(EVCM,; Figure 2), a line of numerous volcanic struc-
tures with a new active volcanic edifice 800 m high
and 5 km in diameter at its tip [Berthod et al., 2021a,b,
Cesca et al., 2020, Feuillet et al., 2021, Lemoine et al.,
2020]. This active submarine volcano is called Fani
Maor’e volcano (name submitted to the UNESCO’s
International Marine Chart Commission, Figure 2).

Before the 2018-2021 Mayotte eruption, the only
volcano with known historic activity (since the early
18th century) is Karthala volcano on Grande-Comore
[Bacheélery et al., 1995, 2016b]. Late Holocene activity
(from C ages of 1300 + 65 yr BP and 740 + 130 yr BP)
is known for La Grille volcano on Grande-Comore
[Bachélery and Coudray, 1993, Bachelery et al.,
2016b], and early Holocene activity is known for An-
jouan ['*C ages of 8335 + 50 yr BP; e.g., Quidelleur
et al., 2022].

The origin of the volcanism of the Comoros
Archipelago is debated [Michon et al., 2016]. A man-
tle plume model, proposed mainly based on large-
scale geomorphological arguments and scant early
K-Ar dates, is inconsistent with the inferred dex-
tral transtension between the Somalia and Lwandle
plates [Calais et al., 2006, Stamps et al., 2018] and by
geochronological data showing no clear age progres-
sion through the islands [Debeuf, 2004, Quidelleur
et al., 2022, Tzevahirtzian et al., 2021]. One alterna-
tive explanation is that the volcanism represents an
offshore extension of the EARS to the east of Davie
Ridge, possibly along a diffuse or incipient Somalia—
Lwandle plate boundary [e.g., Deville et al., 2018

and references therein; Famin et al., 2020, Feuillet
et al,, 2021, Lemoine et al., 2020, Michon et al., 2022,
Stamps et al., 2018].

2.2. Distribution of recent and old deformation

Deformation onshore on Mayotte took place pre-
dominantly on thrust and strike-slip faults consistent
with the N135°E trend in earthquake focal mecha-
nisms [Famin et al., 2020]. Offshore structures trend-
ing N130°E include the Jumelles volcanic chain and
some alignments of volcanic cones, mounds and
faults [e.g., Tzevahirtzian et al., 2021]. Moreover,
Lemoine et al. [2020] and Feuillet et al. [2021] have
suggested that the deep dyke feeding the current
Mayotte eruption is oriented NW-SE, consistent with
the context of transtension.

Toward Davie Ridge on the west side of Mozam-
bique Channel, Neogene strike-slip and normal
faults imply a transtensional component associ-
ated with volcanism [Franke et al., 2015, Roche and
Ringenbach, 2022]. Other than there and in associ-
ated basins such as the Kerimbas and Nacala basins
[Courgeon et al., 2018, Mahanjane, 2014, Mougenot
et al., 1986, Roche and Ringenbach, 2022, Vormann
and Jokat, 2021], no Quaternary deformation has
been described in the Comoros basin or in the Ma-
junga basin in the NW Madagascar margin (Figure 1).

2.3. Regional geological history—inheritance

Recent studies suggest that rifting of Gondwana
began in late early to early Middle Jurassic time,
~170 Ma to ~185 Ma [Davis et al.,, 2016, Eagles
and Konig, 2008, Gaina et al., 2015, Leinweber and
Jokat, 2012, Mueller and Jokat, 2019, Senkans et al.,
2019]. However, precise dating is difficult given the
poorly developed seafloor spreading anomalies from
this time. North of the Comoros Archipelago, kine-
matic reconstructions [e.g., Davis et al., 2016] and
limited gravity and magnetic data suggest that the
Somali basin consists of oceanic crust with an ex-
tinct EW trending oceanic spreading axis and trans-
form faults trending N-S to NW-SE [see Figures 4
and 8 in Davis et al, 2016 and Figures 5 and 9 in
Phethean et al., 2016] (Figure 1). Seafloor spreading
is thought to have begun during the Jurassic Mag-
netic Quiet Zone (~166 Ma) and ceased at ~120 Ma
[Davis et al., 2016, Segoufin and Patriat, 1980]. In
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Mozambique and Tanzania to the west, the breakup
unconformity is of early Middle Jurassic (Aalenian)
age [Fossum et al., 2021, Roche et al., 2021, Senkans
et al., 2019]. The age and the nature of the crust be-
neath the Comoro Islands and the Comoros Basin
are still debated. On the one hand, an oceanic crust
is supported by isostatic data, magnetic and grav-
ity anomalies, P-wave velocities, and seismic reflec-
tion data [Coffin and Rabinowitz, 1987, Coffin et al.,
1986, Klimke et al., 2016, Phethean et al., 2016, Roche
and Ringenbach, 2022, Talwani, 1962, Vormann and
Jokat, 2021, Vormann et al., 2020]. On the other hand,
the presence of quartzite inclusions in volcanic rocks
and a massif of quartzite on Anjouan [Flower, 1972,
Flower and Strong, 1969, Montaggioni and Nougier,
1981, Quidelleur et al., 2022, Wright and McCurry,
1970] and low V},/ V; ratios [Dofal et al., 2021] suggest
that the Archipelago is built on continental crust or
at least upon a succession of continental sediments
[Dofal et al., 2021, Roach et al., 2017]. In Figure 1, we
choose to represent the crust as oceanic [Roche and
Ringenbach, 2022].

Whatever the nature of the crust, gravity data ap-
pear to indicate some relict structural segmentation
of both continental and oceanic domains beneath
the Comoros Archipelago. Both transforms and frac-
ture zones [Davis et al., 2016, Phethean et al., 2016]
could be pre-existing structures in the Comoros and
Somali Basins (Figure 1) that have influenced later
structures.

3. Dataset from SISMAORE cruise and meth-
ods

The SISMAORE cruise (December 2020 to February
2021) of R/V (Research Vessel) Pourquoi Pas? col-
lected 80,000 km? of multibeam bathymetry and
backscatter data around the Comoros Archipelago
with the vessel-mounted MultiBeam Echosounder
System (MBES RESON 7150 at 12 or 24 kHz) that
complemented previous surveys around Mayotte
[Figure 2; Thinon et al., 2020b; for details, see Sup-
plementary Information]. In addition, the ship ac-
quired 10,000 km of sub-bottom profiler (SBP) data
and 6730 km of 48-channel seismic reflection profiles
(for details, see Supplementary Information), imag-
ing the subsurface down to 0.1 s two-way travel time
(TWT) with very high resolution and down to ~3 s
TWT below the seafloor, respectively. Five dredging

operations (Figures 2 and 3) collected mainly vol-
canic rocks on the flanks of Zélée Bank (sample set
SMR1), the Jumelles volcanic chain (SMR2), Mo-
héli (SMR3), the Chistwani volcanic chain (SMR4)
and a seamount in the abyssal plain north of May-
otte (SMR5) [Thinon et al., 2020b]. These rocks are
macroscopically similar to those described on land in
the Comoro Islands [Bacheélery and Hémond, 2016,
Debeuf, 2004, Pelleter et al.,, 2014, and references
therein] and offshore of Mayotte [Berthod et al.,
2021a,b]. The rocks in the SMR5 dredge samples
are CO;-rich fresh basaltic rocks called popping
rocks (Supplementary Figure S1) that contain arkose
and quartzite xenoliths, occasionally with melted
shapes, and rare olivine xenocrysts [Thinon et al.,
2020b].

4. Observations and interpretation

On the basis of the new regional MBES bathymetric
and backscatter reflectivity data (Figure 3), we pre-
pared a new regional geomorphological map around
the Comoros Archipelago (Figure 4). In addition to
the islands and seamounts previously mentioned,
it portrays two newly mapped large volcanic fields
with tectonic structures (the N'Droundé and Mwezi
provinces, and the Domoni, Chistwani and Safari
submarine volcanic chains that extend between
the islands [first described by Tzevahirtzian et al.,
2021].

The depth of the abyssal plain ranges between
3000 m and 3800 m (Figure 3a). North of the Co-
moros Archipelago, the smooth abyssal plain of the
Somali basin is interrupted by two large fields of
heterogeneous bathymetric features (Figure 3a) and
strong reflectivity contrasts (Figure 3b). The first of
these, north of Anjouan and Mayotte, is here named
the Mwezi Province (“Moon” in Comorian; Figures 4
and 5), and the second, north of Grande-Comore,
is here named the N’Droundé Province (from the
town of N’Droundé on Grande-Comore; Figures 4
and 6). In the eastern part of the Somali basin are
two major valleys trending N-S to NNE-SSW, one
on the seabed between the Glorieuses Islands and
Leven Bank at 3800 m water depth and one north
of Jumelles Seamount and Zélée-Geyser banks at
3600 m (Figures 3a and 4).
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Figure 3. Maps showing (a) bathymetry and (b) acoustic backscatter imagery from the SISMAORE cruise
combined with previous bathymetric data. Also shown are locations of newly described features: Vailheu,
Domoni, Chistwani and Safari volcanic chains and N’'Droundé and Mwezi provinces. Yellow and red
circles represent earthquakes from Bertil et al. [2021]. All other symbols as in Figure 2.

The abyssal plain south of the Archipelago, in the (Figures 3b and 4) appear to be associated with the

Comoros Basin, has a homogeneous and flat mor- distribution of surficial sediment.

phology at 3500 m depth (Figure 3a) without strong East of Mayotte, the EVCM (Figures 3 and 4) com-
reflectivity contrasts (Figure 3b). Small reflectivity  priges elongated ridges, several volcanic cones up

variations of the flat seabed southeast of Mayotte to 500-900 m high including the submarine volcano
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features identified on the SISMAORE bathymetry and backscatter maps (Figure 3) plus features on the
insular slopes from earlier work [Feuillet et al., 2021, Paquet et al., 2019, Tzevahirtzian et al., 2021]. The
two grey dashed lines mark the boundaries of the Comoros tectono-volcanic corridor described in this

paper.

formed during the 2018-2021 eruption, lava flows,
and a horseshoe-shaped volcanic complex with cur-
rent activity [MAYOBS cruises, REVOSIMA newslet-
ter, 2021, Feuillet et al., 2021, Rinnert et al., 2019]. Two
great dome-shaped forced folds, faults, and possible
submarine mass transport deposits described by Pa-
quet et al. [2019] are also imaged (Figure 4).

On the insular slopes, the map depicts the ma-
jor mass-wasting deposits identified by Tzevahirtzian
et al. [2021] and Audru et al. [2006] in new detail.
On the abyssal plain, seismic profiles (Figure 7) show
that the thickness of the entire sedimentary cover can
exceed 2.5 s TWT, or ~3.1 km based on an average
2500 m-s~! velocity in the sediments [Masquelet
et al., 2022].

4.1. North of the Comoros Archipelago

4.1.1. The Mwezi tectono-volcanic province

The Mwezi Province covers an area 100 by 60
km (~6000 km?) in the flat abyssal plain of the So-
mali basin (~3400 m depth) and represents a west-
ward extension of the N130°E trending Jumelles vol-
canic chain (Figure 5). It contains abundant bathy-
metric features (Figures 5a and d) corresponding to
patches with moderate to strong reflectivity (Fig-
ures 5b and e). These relief structures include a
large number of elongated and steep-sided ridges
and conical features (Figure 5d). The ridges are typ-
ically 1-4 km in length and reach heights of sev-
eral hundred metres above the surrounding seafloor.
The highest seamount in this area (C1 on Figures 5d
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Figure 5. (a) Bathymetric map and (b) backscatter map of the Somali basin north of Anjouan and
Mayotte, showing seismicity and an incised valley (Va). Outlined regions are shown in (d) and (e),
respectively. (c) Interpretive map showing the Mwezi province, Jumelles volcanic chain, Zélée-Geyser
Bank and other structural, volcanic, and sedimentary features (for legend see Figure 4). (d) Detail map
of seafloor morphology and (e) reflectivity in the central Mwezi Province. Red circle indicates the 24
July 2018 earthquake [3.62 mwu, 15 km depth; Bertil et al., 2021]. C, conical feature; Cc, seamount with
summit crater; Cd, seamount with summit dome; D, dome-shaped forced fold; De, depression; E fault;
Lf, lava flow; R, ridge. Supplementary Figure S2 presents oblique views of this area.
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Figure 7. Selected 48-channel seismic reflection and SBP profiles and their interpretations, showing the
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(c) NNE-SSW profile in the N'Droundé Province (MAOR21R070) and (d) WNW-ESE profile in the Somali

basin north of Zélée-Geyser Bank (MAOR21R001).

tion; other abbreviations as in Figure 5.

and e) stands ~600 m above a basal depth of 3355
m. The conical features may contain craters (Cc)
or domes (Cd) at their summits, and they typically
reach diameters of a few kilometres (up to 4 km) and

Gr, graben; V, volcanic edifice; v.e., vertical exaggera-

heights up to 600 m. The reflectivity of these features
suggests a hard seabed consisting of rocky outcrops
or bedrock lightly covered with sediment [Le Go-
nidec et al., 2003]. Dredge sample SMR5 from one
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of these seamounts contained popping rocks (Sup-
plementary Figure S1). We interpreted these features
as volcanic edifices [Wessel et al., 2010]. They have
the same morphology and geophysical characteris-
tics of volcanic edifices to the EMVC, where pop-
ping rocks have been sampled from the summit area
and fresh lava flows of Fani Maor’e volcano [Berthod
et al., 2021a,b, Feuillet et al., 2021], and features of
similar bathymetry and reflectivity on the slopes of
the Comoro Islands [Audru et al., 2006, Feuillet et al.,
2021, Tzevahirtzian et al., 2021].

The backscatter map contains patches of strong
reflectivity, some reaching more than 15 km in ex-
tent (Lf on Figure 5e), that have little bathymetric re-
lief (Figure 5d). Generally associated with complex
roughness and various shapes (commonly lobes),
only one patch has a linear shape (Lfl on Figure 5e,
oriented N160°E). We interpret these patches as lava
flows, cropping out on the seafloor or lightly covered
by very fine sediment. The shapes and sizes of these
lava flows suggest low-viscosity lavas like those ob-
served and sampled during the 2018 eruption east
of Mayotte [Berthod et al., 2021a,b, Feuillet et al.,
2021].

The bathymetric map displays many large and flat
circular domes with smooth seabed that reach ele-
vations of 100 m and diameters of several kilometres
(D on Figure 5d). They have no reflectivity signature
(Figure 5e). Seismic profiles across these domes show
an uplifted and faulted sedimentary cover overlying
an abrupt, high-amplitude terminating reflector, of-
ten displaying a saucer-shaped profile (Figure 7a,b).
These deep reflectors are consistent with shallow
magmatic intrusions (sills or laccoliths), which would
induce domal uplift and faulting of the overlying
sedimentary cover [Kumar et al., 2022, Medialdea
et al,, 2017, Montanari et al., 2017, Omosanya et al.,
2017, and references therein]. We interpret these
domes as forced folds by analogy to the description
of Paquet et al. [2019] and other sources [Monta-
nari et al., 2017, and references therein]. The ana-
logue modelling of Montanari et al. [2017] shows that
the growth of dome-shaped forced folds produces
tensional and compressional deformation (normal
and reverse faults) in the sedimentary cover. Some of
the dome-shaped forced folds in the Mwezi province
are accompanied by faults with sub-vertical offsets
reaching 10 m (Figure 7a2-a4, b). The disruption of
seismic signals under and over the sills may result

from the presence of overlying lava flows (acous-
tic masking) or fluid migration pathways (chimneys)
[Masquelet et al., 2022, and references therein].

Most of the volcanic structures, ridges and
seamounts are distributed along ~N130°E trend
(Figure 5c¢). In addition, steep escarpments identi-
fied on the seafloor are mainly oriented ~N130°E
in the centre of the Mwezi province and mainly ori-
ented ~N-S on the northern edge. They are as long
as 10 km and have vertical offsets of up to 10 m (see
Fi, Fy, F3 on Figures 5d and 7a3). Some of these es-
carpments consist of discontinuous, slightly shifted
segments (Supplementary Figure S2). Some connect
seamounts or domes, and some cut across domes
producing vertical offsets of 10-20 m (see F; cut-
ting domes D3 and D4 on Figure 5d; Supplementary
Figure S2). We interpret these escarpments as faults
with sub-vertical components.

4.1.2. The N’'Droundé tectono-volcanic province

The N’Droundé Province covers an area 40 by
100 km (~4000 km?) at the western end of the Co-
moros Archipelago, north of Grande-Comore, and
consists of three subparallel NNW-SSE striking sub-
marine topographic features (Figure 6). The south-
ernmost of these is 60 km long and ~15 km wide, with
a summit reaching a depth of 1230 m above a base at
3000 m (feature 1 in Figure 6). Near its southeastern
tip, its orientation changes smoothly from N160°E to
N130°E. The other two are parallel lines of relief fea-
tures, oriented N160°E, about 130 km long and aver-
aging 5 km in width at 3100 to 3400 m depth (fea-
tures 2 and 3 in Figure 6). They have a wide variety
of shapes, including narrow ridges and conical edi-
fices some of which have craters or breached craters
at their summits (Figure 6d). These are between 1
and 5 km in diameter and a few kilometres long
and reach heights of several hundred metres above
the surrounding seafloor. The highest seamount rises
735 m to a depth of 2472 m (C1 on Figure 6a). We
interpret these seamounts as volcanic edifices. Some
dome-shaped forced folds appear in seismic profiles
in the N'Droundé Province (D on Figure 7c), but
few affect the seafloor and have elevations less than
100 m. Most of them are covered by a thin layer of a
chaotic or non-reflective unit (max. 0.1 s TWT; V and
S on Figure 7c). Significant deposition of sediments
from the Grande-Comore may result in a smoother
bathymetry here than in the sediment-starved Mwezi



20 Isabelle Thinon et al.

Province. Alternatively, the N'Droundé seamounts
are older than those in the Mwezi Province and have a
thicker sedimentary cover. Along with the seamounts
are N160°E-trending sub-vertical escarpments a few
metres high, forming relays that cut the seafloor (F
on Figure 6d).

4.2. Other evidence of recent volcanism in the
Comoros Archipelago

4.2.1. Submarine volcanic chains

The Safari volcanic chain between the islands of
Anjouan and Mayotte has several volcanic edifices
consisting of conical seamounts, ridges, eruptive fis-
sures and lava flows (Figures 3, 4 and 8). The con-
ical seamounts are aligned in a 130°E trend and
reach heights of up to 400 m and diameters of 1 to
1.5 km (Figure 8, Supplementary Figure S3). Large
high-reflectivity patches near them are interpreted
as lava flows, and low-reflectivity patches are inter-
preted as lava flows covered by a thin layer of sedi-
ment (Figure 8b,e). The ridges, which trend NW-SE,
are up to several kilometres long, hundreds of metres
wide, and 200 m high (R on Figure 8d) and may con-
tain depressions on their summits as deep as about
20 m (Ef1 on Figure 8d-f). One of these ridges tran-
sitions into a crack 2 km long with walls up to 20 m
high and a high-reflectivity signature (Ef2 on Fig-
ure 8e,f). Similar features on Axial Seamount (Juan
de Fuca Ridge) have been interpreted as eruptive fis-
sures [Chadwick Jr et al., 2019, Clague et al., 2011].

Other major submarine volcanic chains, such as
the Domoni and Chistwani chains (Figures 4 and 9,
Supplementary Figure S4) contain volcanic edifices
including conical seamounts, ridges and lava flows.
The dredged rocks from the SE flank of the Chistwani
chain (SMR4) are basaltic [Thinon et al., 2020a]. This
widespread array of volcanic structures is evidence
of several phases of volcanism that have formed
submarine volcanic chains throughout the Comoros
Archipelago, both between the islands (Domoni,
Chistwani, and Safari chains) and beyond them
(Vailheu chain and the EMVC).

4.2.2. Other volcanic evidence

Grande-Comore, Mohéli, and Anjouan have
rugged insular slopes covered with mass-wasting de-
posits (detrital cones) and outcropping blocks [Tze-
vahirtzian et al., 2021; Figure 4]. In the volcanoclastic

deposits on the south slope of Grande-Comore, some
small conical edifices and various patches with high
reflectivity have been identified (Figure 10a).

Unlike the other Comoro Islands, the slopes of
Mayotte (except the eastern slope) have a relatively
smooth bathymetry and a mottled appearance [Au-
dru et al,, 2006, Tzevahirtzian et al., 2021; Figures 4
and 11la]. Major mass-wasting deposits are absent,
and only a superficial submarine landslide deposit
no higher than 20 m is apparent at the foot of
the western flank (Figure 11a,b). In this area, the
strongest reflectivity features mainly correspond to
canyons and a few small isolated seamounts not cov-
ered by sediments (Figure 11c,d). Seismic profiles in-
dicate that the smooth and mottled-bathymetry fea-
tures correspond to sediment deposits (Figure 11e,f).
The sedimentary unit covering the acoustic base-
ment off Mayotte can reach thicknesses of ~0.5 s
TWT (roughly 500 m in using 2000 m-s~! velocity)
and often covers volcanic edifices. On the western
slope of Mayotte, three nearly conical seamounts ex-
hibit a N160°E alignment (Figure 11a,c,d). By creat-
ing a barrier for sediment transport on the western
slope, these seamounts potentially control the shape
of a submarine canyon. A larger number of conical
seamounts on the northern slope of Mayotte lie in
a N130°E trending corridor between the Safari vol-
canic chain and Fani Maor’e volcano, in agreement
with previous observations [Audru et al., 2006, Famin
et al., 2020, Tzevahirtzian et al., 2021].

On the flanks of Zélée Bank, dredging sample
SMRI1 consists of volcanic rocks [Figure 3; Thinon
et al., 2020a]. In the abyssal plain north of Zélée-
Geyser banks, 0.2 s TWT high dome-shaped forced
folds are observed in the seismic profiles (i.e. ~200 m
with 2000 m-s~! velocity; Figure 7d). However, they
have no surface expression owing to the thick sed-
iment cover (0.15 to 0.4 s TWT), which is thicker
than the cover on the dome-shaped forced folds
in the Mwezi (quasi-nonexistent) and N’Droundé
Provinces (max. 0.1 s TWT). Dome-shaped forced
folds and sills exist also east of Mayotte near Fani
Maor’e volcano [Figure 4; Masquelet et al., 2022, Pa-
quet et al., 2019, Rolandone et al., 2022].

To the east of the Comoros Archipelago, we identi-
fied evidence of volcanism near the Madagascar mar-
gin. A small conical seamount and an 85 km? high-
reflectivity patch with lobe-shaped and roughened
facies were identified at the foot of the western slope
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Figure 9. (a) Oblique view showing the morphology of the Chistwani volcanic chain between Mohéli and
Anjouan. Oriented N 55°E, the chain is narrow (~20 km wide), asymmetric (steeper SE flank), and rises
~500 m (up to 2830 m depth) above the surrounding abyssal plain (3400 m depth). (b) Interpretive map
showing volcanic edifices (purple) and lava flows (pink) at the top of the volcanic chain. Black dashed
lines indicate en echelon lineaments that may represent a dextral motion.

of Cordeliere Bank (Figure 10b). Their morphology
and reflectivity suggest that they are recent volcanic
structures, in agreement with the evidence of volcan-
ism suggested by dredge sampling in this area [Daniel
etal., 1972].

4.3. Distribution of volcanic and tectonic struc-
tures in the Archipelago

The great N'Droundé and Mwezi volcanic provinces
in the Somali abyssal plain, together with the four Co-
moro Islands and the major seafloor volcanic chains
around them, constitute a volcanic corridor 600 km
long and 200 km wide (Figure 4). Mapping based on
the SISMAORE cruise data shows on the seafloor the
presence of up to 2200 recent volcanic edifices and
lava flows, covering an area of ~5300 km? (~2500 km?
of cones and ridges and ~2800 km? of lava flows),

plus dome-shaped forced folds on the seafloor with
an area larger than 972 km? throughout the Comoros
Archipelago.

At the western end of the Comoros Archipelago,
volcanic features are distributed mainly along a
N160°E direction (N’'Droundé, Grande-Comore,
Domoni). To the east of Mohéli and Anjouan, the
volcanism is distributed mainly along a N130°E
direction (Mwezi, Jumelles, Safari, EMVC). The
topography of the Mwezi Province and the two
northernmost volcanic chains in the N’Droundé
Province is less significant than that of the high-
est volcanic chains (Jumelles, Domoni, Chistwani,
EMVC). The Mwezi and N’Droundé volcanic fields
thus may be nascent volcanic chains, younger than
the major and polyphase chains elsewhere in the
corridor.
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Figure 10. Bathymetric (left) and backscatter (right) maps of (a) the southern slope of Grande-Comore
Island and (b) the lower western slope of Cordeliére Bank. Also shown in (b) is detailed bathymetry of a
conical volcanic edifice (C) with a potential lava flow (Lf). Lf0, lava flow with relatively low reflectivity due

to sediment cover; other symbols as in Figure 5.

The faults identified in the abyssal plain of the
Somali basin and east of Mayotte display two main
orientations. Faults trending N130°E are mainly in
the Mwezi province, east of Mayotte, and in the Sa-
fari volcanic chain, and faults trending N160°E are
mainly in the N'Droundé province, in the Domoni
volcanic chain and on the western upper slope of
Mayotte (Figure 4). North-south to NNE-SSW trend-

ing faults exist in the northern part of the Mwezi
Province. These sets of faults and volcanic structures,
both too recent to be covered by sediments, appear
to be coeval as they crosscut each other in many
cases. Some of the faults cut the surface of the dome-
shaped forced folds or connect two major structures
(e.g., fault Lf1 in Figure 5e, Supplementary Figure S2).
They can form graben systems (e.g., Figures 5d, 7a2
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and 7a4) or lines of offset segments (e.g., Figure 6¢,d).
Most of the faults show sub-vertical offsets reaching
20 m, often with a normal component (Figure 7, Sup-
plementary Figure S2). Strike-slip motion could exist,
but is not easy to identify in the seismic profiles.

The eastern flank of the Chistwani volcanic chain
contains three lines of volcanic edifices and ridges
with ENE-WSW (N60°E to N90°E) orientations (Fig-
ure 9). Some east-facing scarps are present. These lin-
eaments are arranged en echelon, as if they reflected
the influence of a dextral motion.

5. Discussion

Our interpretations of bathymetry and backscatter
maps and seismic profiles revealed a widespread re-
gional distribution of recent volcanic and tectonic
deformation that allows us to propose a geodynamic
context for the Comoros Archipelago and address
questions about the role of the structural inheritance
(Figure 12).

5.1. Tectono-volcanism events in the Comoros
Archipelago

The volcanic and tectonic structures in the abyssal
plain rest on a sedimentary sequence ~3 km thick
(Figures 7 and 11), in agreement with previous
authors [Coffin et al., 1986, Leroux et al.,, 2020,
Masquelet et al., 2022].

In the sediment-starved Mwezi Province (Fig-
ures 4 and 5), the near-absence of sediments on lava
flows, volcanic edifices, forced folds, and faults sug-
gests that volcano-tectonic activity, though undated,
is very recent. The high-reflectivity of these seafloor
features is similar to that of the lava flows from
the 2018-2021 Fani Maor’e volcano eruption [Deplus
et al., 2019, Feuillet et al., 2021]. Moreover, the pres-
ence of popping rocks in dredge sample SMR5, in the
Mwezi province (Supplementary Figure S1), implies
that the residence time of these seafloor basalts has
been too short to permit complete degassing. The
evidence is consistent with very young volcanic ac-
tivity in the Mwezi Province. We propose that fresh
outcrops and seafloor features represent similarly re-
cent volcanic and tectonic activity throughout the
Comoros Archipelago, including in the N’'Droundé
Province, on the slope of Grand-Comore, in the Safari

volcanic chain, at the foot of the Jumelles volcanic
chain and on the Cordeliere Bank (as shown in pur-
ple in Figures 4 and 12). However, no current volcanic
eruptions or fluid activity were apparent in the wa-
ter column acoustic data from the SISMAORE cruise
except east of Mayotte [REVOSIMA newsletter, 2021,
Thinon et al., 2020b].

There are more lava flows and dome-shaped
forced folds visible on the seafloor in the Mwezi
Province than in the N'Droundé Province. This dif-
ference could be due to magmatic events of differ-
ing intensities or ages; however, in the N'Droundé
Province, many dome-shaped forced folds and lava
flows are covered by as much as 100 m (0.1 s TWT in
using 2000 m-s~! velocity) of sedimentary deposits or
other volcanic products (Figure 7c). This province re-
ceives an abundant sediment supply from wave ero-
sion and coastal hydrodynamic processes at Grande-
Comore, whereas the Mwezi Province is more distant
from sediment sources.

North of the Zélée—Geyser banks, a significant sed-
imentary cover onlaps the dome-shaped forced folds
(0.15-0.4 s TWT or 100-400 m in using 2000 m-s~! ve-
locity, Figure 7d), hides the surface deformation in-
duced by magmatic intrusions. Even if sedimenta-
tion rates differ between the two areas, these forced
folds appear to be older than those in the Mwezi
province, which disrupt the seafloor. This differ-
ence is consistent with the long-term magmatic his-
tory of the north Mozambique Channel [Michon
et al,, 2016], and with the emplacement of the Zélée—
Geyser banks, which are older than the Comoro Is-
lands to the west [Leroux et al., 2020]. We suggest
that the Mwezi and N’Droundé provinces consist
mainly of monogenetic volcanic cones and lava flows
whereas submarine volcanic chains (Jumelles, Chist-
wani and Domoni) and Zelée-Geyser banks are prod-
ucts of a complex evolution and are akin to multi-
phase constructional structures such as the EVCM
[Feuillet et al., 2021, Masquelet et al., 2022] or is-
lands such as Mayotte [e.g., Nehlig et al., 2013]. Based
on our comparisons of topographic features and
backscatter signatures, we propose that most of the
volcanic and tectonic structures in the Mwezi and
N’Droundé provinces are younger than those of vol-
canic chains and Zelée-Geyser banks.

The evidence of widespread recent volcanic activ-
ity on submarine volcanic chains and islands (pur-
ple shades on Figure 4) suggests the occurrence of
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Figure 12. (a) Regional geological context of the Comoros Archipelago, including the distribution of
recent volcanism and tectonics identified from this study and the proposed diffuse and nascent Somalia—
Lwandle plate boundary. See Figure 1 for legend. (b) Geodynamic interpretation of recent tectonic and
volcanic structures and the fossil Mesozoic crustal fabric of the study area. Shown are major faults and
lineaments from this study as well as tensile fractures from this study (Tf4) and from Famin et al. [2020]
and Feuillet et al. [2021] (Tf1, Tf2, Tf3). Locations, focal mechanisms and dates of earthquakes (up to
Mw 5) are from Bertil et al. [2021] and references therein and pre-existing crustal fabric, derived from
magnetic data, is from Davis et al. [2016]. (c) Regional tectonic setting between the EARS and Madagascar.
K, Kerimbas basin; A, Ambilobe basin. Grey dashed lines mark the diffuse, immature Somalia-Lwandle
plate boundary.
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multiple volcanic events throughout the Comoros
Archipelago. The volcanic structures identified on
Cordeliére Bank (conical edifices and lava flows; Fig-
ure 10b) appear to be the products of recent eruptive
events from their morphology and strong reflectivity,
more recent than those of the Glorieuses Islands
[Late Cretaceous according to Leroux et al., 2020].
A pattern of multiple phases separated by periods
of quiescence would be similar to that of Mayotte,
where volcanic activity occurred between 10.6 and
1.9 Ma and then resumed during the Pleistocene
[Bachélery et al., 2016a, Michon et al., 2016, Pelleter
etal., 2014].

These faults and volcanic structures appear to
be coeval as they crosscut each other in many in-
stances yet are both too recent to be covered by
sediments. Some of the faults form and grow in re-
sponse to local stress fields caused by magmatic in-
trusions and eruptions [see Sections 4.1 and 4.2;
Figure 7; Montanari et al., 2017]. However, the ma-
jor fault trends (N130°E and N160°E to N-S) and
the alignment of seamounts in the Mwezi and the
N’Droundé provinces are consistent with the re-
gional stress field. During the ongoing eruption off
Mayotte, magma appears to ascend through NW-SE
trending lithospheric structure, consistent with the
regional stress field [Berthod et al., 2021b, Feuillet
etal., 2021, Lemoine et al., 2020].

5.2. Spatial distribution of deformation and cur-
rent kinematic context

From the distribution of recent volcanic and tectonic
structures, we identified geologically recent diking
events throughout the Comoros Archipelago (Fig-
ure 12a), including the Mwezi Province (N130°E),
N’Droundé Province (N160°E), Safari volcanic chain
(N130°E) and Domoni volcanic chain (N160°E).
Figure 12a shows groups of tensile fractures (Tfl-
Tf4) corresponding to the main tectono-volcanic
provinces and volcanic chains that were identi-
fied from the SISMAORE data and previous studies
[Famin et al., 2020, Feuillet et al., 2021], as well as ma-
jor faults and lineaments. These observations suggest
the presence of major en echelon tensile fractures
and secondary Riedel shears (Figure 12) in the Co-
moro Islands, Jumelles volcanic chain, Zélée-Geyser
banks, and north of Anjouan. Feuillet et al. [2021]

also interpreted the EVCM as a tensile fracture. Fea-
tures with roughly orthogonal (ENE-WSW) azimuths
in the Comoros Archipelago, such as those in the
Chistwani volcanic chain (Figure 9), may have orig-
inated in diking events with right-lateral strike-slip
motions.

The shift in the orientation of principal tensile
fractures from N160°E in the west to N130°E to
E-W in the east suggests a segmentation of the
Archipelago (Figure 12). At the western end, the
azimuths of the major volcanic structures tend to
be parallel to the offshore branches of the EARS,
such as the N-S trending Kerimbas graben along the
Tanzanian/Mozambican coast [Franke et al., 2015,
McGregor, 2015, Mougenot et al., 1986; Figures 1
and 12]. Taken as a whole, seismicity in the Co-
moros Archipelago outlines a rather narrow defor-
mation zone that changes direction around Mayotte
(Figure 12b). On the east, recent seismicity is dis-
tributed within an ENE-WSW (N80°E) corridor from
west of Jumelles to Madagascar [especially from 2018;
Bertil et al., 2021], and on the west it is concen-
trated in an NW-SE direction to the west of May-
otte. The N80°E trend of the eastern segment is par-
allel to the ENE-WSW Ambilobe sedimentary basin
of northern Madagascar, of Cenozoic age [Piqué
et al., 1999, Roig et al., 2012]. The observed tectono-
volcanic structures on Zélée-Geyser banks are ori-
ented roughly E-W. The same change in the orienta-
tion of tectono-volcanic structures corresponds to a
change in the pattern of earthquakes, which are rela-
tively diffuse to the west, where the structures trend
from NNW-SSE to NW-SE, and less diffuse to the
east, where they form a corridor trending N80°E and
the tectono-volcanic structures trend approximately
E-W. The few available focal mechanisms support a
transtensional stress regime (Figure 12b). The cur-
rent stress regime is consistent with a NE-SW direc-
tion of least stress (03) and a NW-SE direction of
greatest stress (01), which implies an overall right-
lateral deformation pattern that produces en echelon
tensile fractures parallel to o1 and perpendicular to
03 in alignment with the principal volcanic chains.
The transtensional stress field promotes dikes, as at-
tested by the recent Mayotte eruptions.

The new data presented in this paper show that
the recent volcanic and tectonic structures on the
seafloor form a corridor some 200 km wide and
600 km long that includes the southern abyssal plain
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of the Somali Basin and the Comoro Islands from
west of Grande-Comore to Madagascar (Figures 4
and 12). Volcanism and faulting are absent on the
seafloor in the Comoros basin south of the Co-
moro Islands. Note that this tectono-volcanic cor-
ridor does not closely match the “broad zone of
deformation” proposed by Stamps et al. [2021] from
GNSS modelling, which extends 1000 km from the
Comoros Archipelago, including the northern half
of the Lwandle plate, and the Comoros basin. In-
deed, the regional GNSS network is not optimally
configured [Bousquet et al., 2020] to clearly constrain
the regional kinematics. The tectono-volcanic corri-
dor shown in Figure 12 more closely corresponds to
the Somalia-Lwandle plate boundary previously pro-
posed by previous studies [e.g., Calais et al., 2006,
Famin et al., 2020, Stamps et al., 2021].

In this tectono-volcanic corridor, no major fault
systems affect the seafloor like those observed, for
example, along the NE-SW Atlantic plate bound-
ary in the Azores region [Sanchez et al., 2019]. The
faults in the corridor are small (less than 10 km long
with apparent vertical throws no greater than 20 m)
and discontinuous (Figures 4 and 12). The absence
of large (M6+) earthquakes and the fact that the
largest reported events are associated with volcanic
events, such as the 1918 eruptions of Karthala in
Grande-Comore [Bacheélery et al., 1995, 2016b] and
the 2018-2021 offshore Mayotte eruption, are fur-
ther evidence of the lack of major faults in the Co-
moros Archipelago. If a dextral transform boundary
between the Somalia and Lwandle plates is present
in the Comoros Archipelago, the low intensity of de-
formations suggests that it is very immature or incip-
ient.

5.3. Relationships between plate boundary
forces, the role of inheritance and mag-
matism

The study area is the locus of interactions between
deformation at plate boundaries and intense mag-
matism.

We propose that the young tectonic and vol-
canic structures identified in this study mark the
location of a diffuse, immature Somalia-Lwandle
plate boundary between the EARS and Madagascar
(dashed lines in Figures 4 and 12). A recent to cur-
rent regional regime of dextral transtension explains

well the location and orientation of volcanic and
tectonic structures like the Mwezi province and the
part of the EMVC associated with the active Fani
Maor’e volcano. Particularly to the west of Mayotte,
these features are well aligned with the pre-existing
crustal fabric of the Somalia basin, interpreted from
magnetic and gravity data as Mesozoic transform
fault zones by Davis et al. [2016] and Phethean
et al. [2016] (Figure 12a). We propose that these pre-
existing oceanic fracture zones play a role in the dis-
tribution of the N-S to N160°E younger seafloor fea-
tures by acting as weak zones, prone to reactivation
in the current regional stress field (dextral shear with
NE-SW tension axis or transtension), as Sauter et al.
[2018] have established in the northwestern Somali
basin. The volcanic complexes of the Comoro Islands
appear to be located at intersections between tensile
fractures guided by pre-existing fracture zones and
NE-SW trending volcanic chains lying nearly paral-
lel to the lithospheric fabric evident from magnetic
anomalies in the southern Somali basin. These ob-
servations are consistent with a reactivated fossil fab-
ric that guides magma ascent and controls the sites of
volcanism on the seafloor.

However, the relationship between young seafloor
features and earlier tectonic fabric is less clear east of
longitude 44.5°E, from Anjouan to Madagascar. The
N160°E trend of free-air gravity anomalies is sub-
dued in this region, and the N130°E and E-W ori-
entations of tectono-volcanic features in the Mwezi
Province, the Jumelles and Safari volcanic chains,
the EVCM, and the Zélée-Geyser banks are clearly
oblique to the N-S to N160°E orientation of the fos-
sil fabric. It may be that the N130°E trending struc-
tures have formed in response to the current geody-
namic context of an immature plate boundary, inde-
pendent of the inherited lithospheric structure. How-
ever, studies of other regions with heterogeneous
lithosphere and active regional and local geodynamic
contexts, especially in the Wharton basin in the In-
dian Ocean [Delescluse and Chamot-Rooke, 2007,
Deplus et al.,, 1998, Hananto et al., 2018, Stevens
et al., 2020, and references therein] have reported
that the orientations of new and reactivated faults,
and of deep and surface structures, may be differ-
ent. They also suggest that shallow deformations can
be influenced by both pre-existing structures and lo-
cal or regional stress fields. A strong influence of a
mantle melting anomaly or mantle convection can-
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not be excluded [Tsekhmistrenko et al., 2021]. Thus,
clarifying the relationship between recent seafloor
deformations, fossil fabrics of the oceanic crust,
and the presence or absence of oceanic crust un-
der the Comoros Archipelago, requires further work
that is being conducted in the framework of the
ANR COYOTES project [e.g., Boymond et al., 2022,
Masquelet et al., 2022, Rolandone et al., 2022, Thinon
et al., 2020a].

6. Conclusions

Our SISMAORE cruise has shed light on a hitherto
poorly known area around the volcanic Comoros
Archipelago. Bathymetric and backscatter data, seis-
mic profiles and dredge samples have revealed up to
2200 volcanic edifices and lava flows on the seafloor
of the Comoros Archipelago, in the abyssal plain,
on the submarine volcanic chains and on the slopes
of the Comoro Islands. Other newly identified fea-
tures include dome-shaped forced folds linked to
sill intrusions in the thick sedimentary cover of the
abyssal plain. The majority of these structures are
located two great volcanic and tectonic fields in
the abyssal plain: the N'Droundé Province, north
of Grande-Comore and the Mwezi Province, north
of Anjouan and Mayotte. Dredge samples of fresh
rich-gas basaltic rocks in the Mwezi Province sug-
gest that volcanic activity, although still undated, is
very recent. The Comoro Islands, the major subma-
rine volcanic chains and the N'Droundé and Mwezi
provinces are interpreted as tensile fractures associ-
ated with diking events, consistent with the current
regional tectonic setting of right-lateral transtension.
Although the distribution of present-day to Pleis-
tocene tectonic and volcanic structures in the west-
ern part of the Comoros Archipelago appears fairly
congruent with the pre-existing crustal fabric, in the
eastern part the role of inheritance is less clear. The
distribution of recent deformation appears mainly
compatible with the current kinematic context, with
possible influence from the pre-existing crustal fab-
ric and heterogeneities in the lithosphere. A strong
influence of a mantle melting anomaly or mantle
convection cannot be excluded.

The recent volcanic and tectonic structures, as
well as the regional seismicity, are distributed within
a corridor at least 200 km wide, including the Co-
moro Islands and the abyssal plain to their north, that

extends 600 km between the EARS and Madagascar.
The distribution of volcanic and tectonic structures,
and by inference the orientation of major tensile frac-
tures, shifts in segments from a roughly N-S orienta-
tion in the west, to N160°E, to N130°E to E-W in the
east. The Comoro Islands tend to lie at the junctions
between tensile fractures (N160°E and N130°E) and
ENE-WSW lineaments. This regional distribution of
the recent structures is consistent with seismicity
patterns in the Comoros Archipelago.

We interpret the Comoros tectono-volcanic corri-
dor as a marker of the Somalia-Lwandle plate bound-
ary. Although the corridor is prone to episodes of in-
tense volcanism, the low intensity and style of defor-
mation tends to confirm the very immature state of
this dextral strike-slip plate boundary.
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Abstract. Heat flow in the Northern Mozambique Channel is poorly constrained, with only a few old
measurements indicating relatively low values of 55-62 mW/m?. During the SISMAORE cruise to
the Northern Mozambique Channel, we obtained new heat flow measurements at four sites, using
sediment corers equipped with thermal probes. Three of the sites yield values of 42-47 mW/m?,
confirming low regional heat flow in this area. Our values are consistent with a Jurassic oceanic
lithosphere around Mayotte, although the presence of very thin continental crust or continental
fragments could also explain the observed heat flow. Our values do not support a regional thermal
anomaly and so do not favor a hotspot model for Mayotte. However, at a fourth site located 30 km east
of the submarine volcano that appeared in 2018 east of Mayotte, we measured a very high heat flow
value of 235 mW/m?, which we relate to the circulation of hot fluids linked to recent magmatic activity.

Résumé. Le flux de chaleur dans le nord du canal du Mozambique, basé sur des mesures anciennes
et peu nombreuses, est faible (55-62 mW/ mz). Durant la campagne a la mer SISMAORE, nous avons
obtenu quatre nouvelles mesures de flux de chaleur. Nos mesures donnent des valeurs de 47, 45 et
42 mW/m? qui confirment un flux de chaleur régional faible. Ces valeurs sont cohérentes avec une li-
thospheére océanique d’age Jurassique autour de Mayotte, mais elles peuvent aussi étre expliquées par
une cro(ite continentale amincie, ou des enclaves de crofite continentale dans une croiite océanique.
Nos faibles valeurs de flux ne sont pas en faveur d'une anomalie thermique régionale ni du modéle
point chaud pour expliquer le volcanisme de Mayotte. Cependant, nous avons une mesure de flux,
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pour un site a 30 km du volcan sous-marin actif a I'’est de Mayotte, qui donne une valeur tres élevée de
235 mW/m?, pouvant étre reliée 2 la circulation de fluides chauds.

Keywords. Heat flow, Oceanic lithosphere, Volcanism, Northern Mozambique Channel, Comoros

archipelago, 2018-2021 Mayotte eruption.
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1. Introduction

The Northern Mozambique Channel lies between the
east coast of Africa and the northern tip of Madagas-
car, where the Comoros Islands form an archipelago
of four volcanic edifices (Figure 1). The volcanic is-
lands are located between the Comoros Basin to the
south and the Somali Basin to the north (Figure 1)
and their activity started during the Miocene after
the Mesozoic opening of the Mozambique Channel.
The Somali Basin is considered to be underlain by
oceanic crust, based on sonobuoy experiments and
reflection seismic data [Coffin et al., 1986, Sauter
et al., 2018]. An oceanic nature is also known from
magnetic anomalies trending WSW-ENE, which
indicate the oldest oceanic crust to be of Jurassic
age, about 150 Ma [Rabinowitz et al., 1983, Davis
et al.,, 2016, Phethean et al., 2016]. The age and na-
ture of the crust beneath the Comoros Basin and
the archipelago is a matter of ongoing debate. The
area has been proposed to contain an abnormal
oceanic crust [Talwani, 1962], a thinned continental
crust [Roach et al., 2017], or a normal oceanic crust
[Klimke et al., 2016]. Based on one receiver function
computation, it has been proposed that the Comoros
Archipelago may be built on an isolated block of con-
tinental crust [Dofal et al., 2021]. The origin of vol-
canism within the Comoros Archipelago is also the
subject of debate, with proposals linking the islands
to a mantle plume [the “hotspot” model, e.g., Class
et al., 1998], or to a diffuse or incipient tectonic plate
boundary [Michon, 2016, Famin et al., 2020, Feuillet
etal., 2021].

The remarkable reports of submarine volcanic ac-
tivity since May 2018 east of Mayotte, at the eastern
end of the Comoros Archipelago [Figure 1, Lemoine
et al., 2020, Feuillet et al., 2021, Cesca et al., 2020],
have stimulated a number of sea and land surveys
of the area [e.g., Rinnert et al.,, 2019, REVOSIMA,
2021]. To better understand the geodynamics of the
Northern Mozambique Channel, geophysical and ge-
ological data were acquired during the 2020-2021

SISMAORE cruise [Thinon et al., 2020, 2022]. In this
article, we focus on heat flow measurements ac-
quired during the SISMAORE cruise at four stations
(Figure 1), using a sediment corer equipped with au-
tonomous thermal sensors. We present these mea-
surements and then compare them with the few
existing measurements of surface heat flow in the
Northern Mozambique Channel [von Herzen and
Langseth, 1965], in order to assess models for the na-
ture of the crust and the origin of volcanic activity in
this area.

2. Heat flow measurements
2.1. Methods

Heat flow density represents the Earth’s heat loss per
surface unit and can be obtained from the Fourier
law as the product of the vertical temperature gradi-
ent and the thermal conductivity of rocks where the
gradient is measured. We estimate heat flow using
autonomous thermal probes attached to sediment
corers with lengths of either 23 m or 12 m. We use
four high-precision probes (THP from NKE®) that
measure temperature with a precision of 0.005 °C.
The four probes are placed along the lower 12 m or
6 m of the 23 m or 12 m core barrels, respectively.
The probes measure the water temperature up to
the seafloor and then the equilibrium temperature
of the sediments after penetration. Because pene-
tration of the probes in the sediment is associated
with frictional heating, the temperature is recorded
continuously for about ten minutes, which in general
is not enough to reach equilibrium but allows its ex-
trapolation. A separate device (S2IP from NKE®) pro-
vides pressure and tilt values. Unlike conventional
heat flow instruments, thermal conductivity was not
measured in situ, but aboard the ship on recovered
sediment cores using a needle probe instrument
(Hukseflux TPSYS02). The measurement method is
based on the transient line source method: from the
response to a heating step the thermal conductivity
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CSF03

CSF08

Figure 1. Location of heat flow measurements (green triangles) acquired during SISMAORE relative to
bathymetric data compilation [Thinon et al., 2022]. A submarine volcano formed during the 2018-2021
eruption (called New Volcano Edifice) is shown with an orange star [Feuillet et al., 2021]. The inset shows
the Somali and Comoros basins as well as the location of IODP site U1476.

Table 1. Heat flow measurements obtained during the SISMAORE cruise

Site name Latitude Longitude Water  Sedimentcore »nT Thermal nA  Thermal  Heat flow
depth (m) length (m) gradient conductivity (mW/m?)
(mK/m) (W/m/K)
CSF01  —12.7958 45.9173 3540 18.2 4 46.6 35 1.01 47
CSF02 —12.9965 45.9638 3525 4.0 2 2400 12 0.98 235
CSF04 —12.9708 44.2927 3546 2.6 4 50.9 9 0.89 45
CSF08 —11.7472 45.3819 3417 11.0 4 493 34 0.85 42

nT, number of temperature determinations; n1, number of thermal conductivity determinations.

of sediments can be calculated [Von Herzen and
Maxwell, 1959, Blum, 1997]. We measured the con-
ductivity at intervals of about 30 cm all along the
sediment cores (Table 1).

Analysis of the cores shows that recent sediments
include siliciclastic, volcanoclastic, and carbonate
components. Sedimentation may affect heat flow by
decreasing the temperature gradient as a function
of the sedimentation rate [e.g., Manga et al., 2012].
Sedimentation rates are estimated at low values of
2-4 c¢cm/1000 yr (Zaragosi, personal communication),
comparable to values of 3 cm/1000 yr at IODP site
U1476 [see inset Figure 1; Hall et al., 2017] and of 2—

5 cm/1000 yr based on the thickness and estimated
ages of sediment layers observed on seismic pro-
files from SISMAORE cruise [Thinon et al.,, 2022,
Masquelet et al., 2022]. Such low rates of sedi-
mentation imply a negligible heat flow correction
[Von Herzen and Uyeda, 1963, Manga et al., 2012].

2.2. Results at four sites
We measured temperature and thermal conductivity

at four sites, using a 23 m corer at sites CSF01 and
CSF02 and a 12 m corer at sites CSF04 and CSF08
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(Figures 1 and 2, Table 1). The thermal gradient is de-
fined by three or four temperatures at all sites except
CSF02, where only two temperatures were measured.
We determined the thermal gradient value from a
linear regression of the in-situ sediment tempera-
ture data. Thermal gradients are in the range of
46-51 mK/m, while mean thermal conductivity is in
the range 0.85-1.01 W/m/K.

The first two measurements were performed using
a 23 mlong corer.

CSFO01 is located east of Mayotte Island, in the
abyssal plain. Good penetration resulted in a sed-
iment core 18.2 m long. A linear thermal gradient
is defined by three temperatures, whereas a fourth,
higher value at a depth of 16.9 m lies above the lin-
ear trend (Figure 2). This value occurs too deep be-
low seafloor to invoke the effect of bottom water tem-
perature variations on sediment equilibrium temper-
atures [Davis et al., 2003]. We note a change in ther-
mal conductivity at this depth, with values higher
than 1.8 W/m/K (Figure 2). The high conductivity val-
ues could be related to siliciclastic sediments prone
to fluid circulation and potential temperature per-
turbations [Vasseur et al., 1993, Poort and Polyan-
sky, 2002]. We exclude the high temperature value
at 16.9 m to calculate a linear thermal gradient of
46.6 mK/m. Thermal conductivity within the core
varies from 0.71 to 1.89 W/m/K, which is high but
cannot account for the thermal non-linearity ob-
served at 16.9 m (Figure 2, Table 1). The mean ther-
mal conductivity is 1.01 W/m/K, higher than in the
other cores, which is probably related to the low
porosity of the sediments. The core contains a record
of hemipelagic sedimentation with turbidites. The
estimated heat flow for CSFO1 is 47 mW/m?.

CSFO2 is also located east of Mayotte, on the bor-
der of a topographic dome 10 km in diameter and
30 m in height (Figure 3). In volcanic areas, such mor-
phology corresponds to a forced fold, often related to
the intrusion of a saucer-shaped sill at depth and de-
scribed in various geological contexts [Jackson et al.,
2013, Medialdea et al., 2017, Magee et al., 2017], as
well as experimentally reproduced [Galland, 2012].
On a seismic profile across the site, we observe that
doming affects the underlying sedimentary succes-
sion (0.5 s twtt) down to an older volcanic layer that
affects the seismic image and precludes sill localiza-
tion (Figure 3). The morphological expression at the
seabed suggests that the sill intrusion occurred in

recent geological time, though it is not possible to
be precise before the validation of a proper local age
model. The forced fold lies at the eastern end of a
WNW-ESE active volcanic ridge, the Eastern Volcanic
Chain of Mayotte, 30 km east of the new Volcano
Edifice [orange star in Figure 1; Paquet et al., 2019,
Thinon et al., 2022, Deplus et al., 2019, Feuillet et al.,
2021]. The penetration of the corer at site CSF02 was
low as it stopped on a sandy quartzitic layer (6 m
for a 23 m barrel). Due to this low penetration, tem-
peratures were measured at only two sensors. The
thermal gradient is therefore poorly constrained, but
is very high at 240 mK/m. The mean thermal con-
ductivity is 0.98 W/m/K, yielding a high heat flow
of 235 mW/m? (Figure 2, Table 1), maybe linked to
the presence of the underwater volcano (Figure 1)
but a new measurement is needed to confirm this
hypothesis.

Following loss of the 23 m corer and tempera-
ture probes at the site CSF03 (Figure 1), the fol-
lowing heat flow measurements were obtaining us-
ing a 12 m corer. CSF04 is located west of Mayotte
in the Comoros Basin. Complete penetration of the
corer resulted in temperature measurements in all
four sensors. Nonetheless, due to technical prob-
lems, the sediment core recovered was very short
(2.6 m). The thermal gradient is 50.9 mK/m, and the
mean thermal conductivity of the shallow sediments
is 0.89 W/m/K. Despite the fact that we only deter-
mined the conductivity in the upper part of the core,
this value falls in the range of the mean conductiv-
ities measured at the other sites (Figure 2, Table 1).
The heat flow estimate for CSF04 is 45 mW/m?.

CSFO08 is located North of Mayotte in the Somali
Basin. Good penetration resulted in a core length
of 11 m. The sediment core contains a record of
hemipelagic sedimentation with turbidites. The ther-
mal gradient is 49.3 mK/m and the mean thermal
conductivity is 0.85 W/m/K (Figure 2, Table 1). The
heat flow for CSF08 is estimated to be 42 mW/m?.

3. Discussion

The heat flow measurements from the SISMAORE
cruise add to the regional understanding of the
Northern Mozambique Channel, where only six
measurements have previously been acquired (Fig-
ure 4). Five of these heat flow values come from the
NGHEF database [Lucazeau, 2019] and date from the
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Figure 2. Temperature-depth and thermal conductivity—depth profiles obtained at each of the four core
locations. The black lines indicate the mean thermal gradient derived from a linear regression of all or
selected temperature data and extrapolated to the surface. The bottom water temperature measured
before the penetration is also shown.
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Figure 3. Seismic reflection profile crossing the location of core CSF02, at the edge of a topographic
dome (location shown on inset bathymetric map). The dome is underlain at depth by a basaltic layer
and possible fluid conduits are imaged in the overlying sediment succession that may record the vertical

migration of fluids.

1960-70s (Table 2). One is a value of 29 mW/m?
obtained in the Davie Ridge during DSDP leg 25
[Marshall and Erickson, 1974]. Two measurements in
the Somali Basin provide heat flow values of 61 and
62 mW/m? [von Herzen and Langseth, 1965], while
two measurements in the Comoros Basin have val-
ues of 57 and 55 mW/m? [von Herzen and Langseth,
1965]. In addition, during the recent PAMELA-MOZ1
cruise [Olu, 2014, Jorry et al., 2020], a heat flow mea-
surement of 37 mW/m? was obtained close to the
Glorieuses Islands (Table 2, Figure 4). Our new mea-
surements include heat flow values of 47, 45 and
42 mW/m? for sites CSF01, CSF04 et CSF08 (Table 1,
Figure 4). Taken together, available data from the
Northern Mozambique Channel concur that regional
heat flow is low.

It is of interest to compare our heat flow value
of 45 mW/m? at site CSF04 in the Comoros Basin
with a nearby older measurement at site V19-100

(Figure 4), which yielded a heat flow of 57 mW/m?
[von Herzen and Langseth, 1965]. Thermal conduc-
tivity values at the two sites are similar (0.88 W/m/K
versus 0.89 W/m/K, Tables 1 and 2), whereas the
thermal gradient is higher for the older measure-
ment (65.2 mK/m versus 50.9 mK/m, Tables 1 and 2).
All the older measurements (Figure 4, sites V19 in
Table 2) were acquired using a shorter (2 m) corer
and only two thermal probes, whereas we used four
probes at depths below seafloor greater than 6 m
(Figure 2). Therefore, the older gradient measure-
ments have much higher uncertainties because of
possible perturbations by deep-ocean temperature
variations [Davis et al., 2003] and because of tech-
nical bias before 1990 [Lucazeau, 2019]. The higher
heat flow at the older sites is much less reliable than
the values obtained with more recent and longer
instruments.
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Figure 4. Bathymetric map of the Northern Mozambique Channel with previous heat flow measurements
(colored dots) from the NGHF database [Lucazeau, 2019] and from the PAMELA-MOZ1 survey (colored
triangle) [Olu, 2014], along with our new measurements (colored stars) from SISMAORE. The submarine
volcano NVE (New Volcano Edifice) formed during the 2018-2021 eruption is shown with a black star.

Table 2. Heat flow measurements from previous cruises
Site name Latitude Longitude Thermal gradient Thermal conductivity  Heat flow References
(mK/m) (W/m/K) (mW/m?)
V19-98 -9.4666 43.3167 68.8 0.90 62 Herzen and Langseth [1965]
V19-99 -10.2317 43.8166 67.0 0.91 61 Herzen and Langseth [1965]
V19-100 -13.1333 44.1499 65.2 0.88 57 Herzen and Langseth [1965]
V19-101 -14.8833 42.8500 57.8 0.96 55 Herzen and Langseth [1965]
KSFO06  —11.4400 47.1850 38.8 0.96 37 Olu [2014]
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Figure 5. Conceptual sketch showing two hypotheses (two central columns) for the structure of the
crust off Mayotte, both consistent with heat flow data, compared to heat flow measured or expected for
Mayotte and Glorieuses Islands and based on information on crustal structure from Dofal et al. [2021].

See text for discussion.

We obtained heat flow values of 42 mW/m? in
the Somali Basin, of 45 mW/m? in the Comoros
Basin, and of 47 mW/m? east of Mayotte within the
Cormoros archipelago. Our values are consistent
with an oceanic lithosphere of Jurassic age, for which
the mean global heat flow is 51 + 11 mW/m? [Lu-
cazeau, 2019]. The value of 37 mW/m? measured
recently near the Glorieuses Islands, where receiver
functions indicate an oceanic crust with a shallow
Moho at 11 km depth [Dofal et al., 2021], is lower than
this global mean, while our new value of 42 mW/ m?2
in the Somali basin is at the lower end of the global
mean. In the Comoros Basin, a comparable value of
45 mW/m? could also point to an oceanic crust of
Jurassic age in this area. However, from a thermal
point of view, it is difficult to differentiate old oceanic

crust from thinned continental crust for which heat
production contribution is weak [e.g., Louden et al.,
1997].

From a receiver function study [Dofal et al., 2021],
it was proposed that the crust under Mayotte is
of continental nature, with a thickness of 19 km,
and is underlain by magmatic underplating, with a
27-km deep Moho. This implies a surface heat flow
of not less than 56 mW/m? if we apply a mean value
of crustal heat production of 1 uW/m3 [Hasterok
and Webb, 2017]: 19 mW/m?2 due to radiogenic heat
production in the crust and 37 mW/m? from mantle
input as observed at the Glorieuses Islands (Figure 5).
Our data indicate lower heat flow values of 42—
47 mW/m? at a 65-85 km distance of Mayotte, im-
plying that the proposed continental block under
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Mayotte Island is of limited lateral extent. New in-
vestigations by Dofal et al. [2022] do not provide
conclusive data on the nature of the crust, that
could be either an abnormally thick oceanic crust or
a thinned continental crust abandoned during the
southern drift of Madagascar.

We propose two hypotheses for the crust off May-
otte that are in agreement with the heat flow obser-
vations (Figure 5): (a) a very thin continental crust of
felsic material overlain by effusive basalts, and per-
haps underplated by basalts as for Mayotte, or (b) a
basaltic oceanic crust, with additional heat produc-
tion from incrusted continental fragments and/or
from quartz-rich sediment eroded from the nearby
island [Flower and Strong, 1969]. Heat flow data alone
cannot discriminate between these models, and the
nature of the crust off Mayotte needs to be further de-
fined by seismic methods.

At aregional scale, the low heat flow does not rep-
resent a thermal signature that can be readily asso-
ciated with a mantle plume. A “hotspot” model has
been proposed for the Comoros Archipelago [e.g.,
Class et al., 1998], but has been questioned by sev-
eral authors [see discussions in Michon, 2016, Thi-
non et al., 2022]. On the one hand, heat flow anom-
alies on hot spot swells are small and sometimes
difficult to constrain [Bonneville et al.,, 1997]. On
the other hand, our measured heat flow lie in the
lower range of those for Jurassic oceanic lithosphere
[Hasterok, 2013, Lucazeau, 2019], and thus do not
support a regional thermal anomaly.

Since May 2018, submarine volcanic activity has
been taking place 50 km east of Mayotte, with ev-
idence of a large eruption [Lemoine et al., 2020,
Cesca et al., 2020, Feuillet et al., 2021, Berthod et al.,
2021a,b, Deplus et al., 2019]. These studies all in-
dicate a deep reservoir of magma (>55 km depth),
which is migrating to the surface through dykes that
intrude the lithosphere. Due to slow thermal diffu-
sivity, such a deep reservoir has no present-day ther-
mal signature at the Earth’s surface. As exemplified
in the Gulf of Aden, to produce a high heat flow
at the surface the emplacement of the heat source
must be both shallow and recent [Lucazeau et al.,
2009]. As presented above, we have one very high
heat flow measurement of 235 mW/m?, at site CSF02,
30 km east of the active volcano (NVE, Figure 4).
This value is not representative of regional heat flow
but is clearly the result of a local process. Several

factors suggest that it can be linked with the cir-
culation of hot fluids. The measurement is aligned
with the eastern Volcanic Chain of Mayotte and lo-
cated at the border of a recent forced fold, 10 km
wide and 30 m high, underlain by a magmatic sill
(Figure 3). Seismic reflection data from SISMAORE
cruise show conduit-like features or chimneys within
the sedimentary succession that may record the ver-
tical migration of fluids towards the surface in the
area [Masquelet et al., 2022]. Upward migration of hot
fluids could be triggered by the renewed activity at
the east Volcanic Chain of Mayotte, or by the recent
sill intrusion that formed the forced fold.

4. Conclusions

Heat flow measurements acquired in the Northern
Mozambique Channel during the SISMAORE cruise
are low, with values in the range of 42-47 mW/m?. To-
gether with other recent data in the area, these values
are among the lowest heat flow reported for oceanic
lithosphere of Jurassic age. Regarding the nature of
the crust, two hypotheses are proposed that fit with
the new heat flow data. The first is that off Mayotte
the crust is mainly oceanic, with some heat produc-
tion from felsic continental fragments in the crust or
in sedimentary deposits. The second is that the crust
is composed of a thin continental layer overlain by ef-
fusive basalts and possibly underplated as proposed
for Mayotte. The low regional heat flow observed in
the Northern Mozambique Channel appears incon-
sistent with a mantle plume. One very high heat flow
value of 235 mW/m? at a site 30 km east of the ac-
tive volcano is believed to be related to the circula-
tion of hot fluids induced by the recent magmatic ac-
tivity, maybe by the latest pulse that started in 2018
east of Mayotte.
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1. Introduction

The Comoros archipelago is composed of four vol-
canic islands displaying contrasted morphologies
from west to east, with the high-standing, uneroded
relief of Grande Comore and the presently active
Karthala volcano to the west, to the low-lying island
of Mayotte surrounded by a vast lagoon to the east
(Figure 1A). This morphology, typical of the evolu-
tion of volcanoes along a hot-spot track [Darwin,
1842, Peterson and Moore, 1987], combined with
the increase of the estimated age of volcanism from
west to east [Emerick and Duncan, 1982] and the
isotopic signature of the lavas emitted at Karthala
[Class et al., 1998, 2005], have been the main argu-
ments for proposing that the volcanism of the Co-
moros archipelago could result from a fixed mantle
plume [Emerick and Duncan, 1982] rising beneath a
moving tectonic plate, as initially proposed by Mor-
gan [1971]. However, the trend of the volcanic track
is not aligned with the recent plate motion vector
[Miiller et al., 1993, Morgan and Morgan, 2007]. In
addition, the recent growth of a submarine volcano
east of Mayotte since July 2018 [Cesca et al., 2020,
Lemoine et al., 2020, Feuillet et al., 2021], at the op-
posite end of the present-day active Karthala vol-
cano, can hardly be explained with a simple model of
punctual and vertically rising mantle plume piercing
amoving lithosphere. It has also been recently shown
that abundant Holocene eruptions occurred in An-
jouan Island, 130 km east of the putative hotspot ex-
pression [Quidelleur et al., 2022]. Altogether, these el-
ements bring credit to tectonic interpretations which
propose that the whole archipelago either results
from the reactivation of lithospheric transform zones
[Nougier et al.,, 1986], or grew at the right-lateral
transform boundary between the Somali and Lwan-
dle plates [Famin et al., 2020, Michon et al., 2022].
The seismo-volcanic crisis east of Mayotte initi-
ated in May 2018, preceded the onset of the island
eastward subsidence and was associated with a com-
plex seismicity [Cesca et al., 2020, Lemoine et al.,
2020, Feuillet et al., 2021]. The dominant strike-slip
earthquake focal mechanisms of the largest events
agree well with a control of the maximum NW-SE ori-
ented horizontal stress in the magma intrusion pro-
cess [Famin et al., 2020, Lemoine et al., 2020]. Fur-
thermore, the large number of seismic events located
5 to 40 km east of the island at a depth of 20 to

45 km below sea level (REVOSIMA report; 2021), con-
centrated in three independent clusters, has been re-
cently interpreted as evidencing a poly-stage magma
ascent through successive lithospheric magma reser-
voirs [Berthod et al., 2021a] and a diking episode be-
fore the eruption [Cesca et al., 2020, Lemoine et al.,
2020, Feuillet et al., 2021]. Petrological and geochem-
ical analyses of erupted lavas indicate that the mag-
mas of Mayotte would be fed by mantle partial melt-
ing in the spinel/garnet to garnet lherzolitic sources
[Pelleter et al., 2014, Berthod et al., 2021a].

Seismological and petrological studies allowed
to greatly improve our knowledge of the magmatic
plumbing system above 50 km depth [Cesca et al.,
2020, Lemoine et al., 2020, Saurel et al., 2021, 2022,
Berthod et al.,, 2021a,b, Lavayssiere et al., 2022].
Moreover, SKS splitting revealed that this plumbing
system is developed in a strongly anisotropic litho-
sphere [Scholz et al., 2018]. Yet, the geometry of the
plumbing system below 50 km, the role of the litho-
spheric interfaces in the location of the magma reser-
voirs, and the potential impact of the E-W litho-
spheric anisotropy in the magma migration are still
poorly constrained. In this study, we analyze teleseis-
mic receiver functions (RFs) and invert them jointly
with the Rayleigh wave dispersion data. This allows
us to provide new constraints on the lithospheric
and asthenospheric structures down to 100 km and
on crustal and mantle shear wave velocities be-
neath the eruptive zone. The rationale behind such
a joint inversion of these two independent geophys-
ical datasets is that they help together constraining
both the interfaces’ depths and absolute velocities.
Armed with both types of data, we probe the struc-
ture of the lithosphere beneath Mayotte and show the
occurrence of low-velocity zones (LVZ) that may cor-
respond to magma ponding zones. We also provide
a new absolute velocity model that may significantly
improve the localization of seismic events related to
the seismo-volcanic crisis.

2. Receiver functions and surface wave disper-
sion data

For more than 40 years, teleseismic P-coda RFs have
become a major tool for exploring the internal struc-
ture of the Earth beneath seismic stations in various
environments [e.g., Langston, 1977, Ammon, 1991,
Zhu and Kanamori, 2000, Vergne et al., 2002, Zheng
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Figure 1. (A) The Comoros archipelago located north of the Mozambique channel between Africa and
Madagascar. (B) Location of the MAYO seismic station in Mayotte, the sampling point of the Rayleigh
wave dispersion data, the seismicity catalogue from 2019-02-25 to 2020-05-10 available for the Mayotte
seismo-volcanic crisis [from Saurel et al., 2022] and the new submarine volcano forming the Mayotte
volcanic zone [Feuillet et al., 2021]. Bathymetric data from SHOM (2016) around Mayotte and GMRT
elsewhere [GMRT version 3.9; Ryan et al., 2009]. Elevation data from the ASTER Global Digital Elevation

Model (GDEM, 2019).

et al., 2005, Leahy et al., 2010, Schlaphorst et al.,
2018]. This method seeks to enhance Ps conver-
sions and reverberations associated with crustal and
mantle structures beneath the receiver by remov-
ing sensor-related, source-related, and mantle-path
effects.

In this study, we computed RFs at the MAYO
temporary broad-band station deployed on May-
otte Island (https://doi.org/10.15778/RESIEYV2011,
network code: YV, Lat: 12.8456° S; Long: 45.1868° E)
during the RHUM-RUM experiment [Barruol and
Sigloch, 2013]. This station has recorded 2 years and
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10 months of seismic data (2011-04 to 2014-01). The
MAYO station Probabilistic Power Spectral Densi-
ties (PPSDs) showing the frequency of occurrence
of different noise level is available online (https://
seismology.resif.fr/networks/#/YV__2011/MAYO/).

To calculate RFs, we selected seismic waveforms of
events occurring at epicentral distance from the sta-
tion between 25° and 90°, with a magnitude greater
than 5.5 and a signal-to-noise ratio greater than 2.
These selection criteria are considered as standards
[e.g., Fontaine et al., 2015, Lamarque et al., 2015].
The P-arrivals were manually picked on waveforms,
and the seismic signals were cut 5 s before and 30 s
after the P-wave arrival time. A low-pass filter of
~1.2 Hz was applied to reduce the contributions
of ambient noise and crustal heterogeneities to the
signal recording. The iterative time-domain decon-
volution method of Ligorria and Ammon [1999] was
used to calculate the radial RFs (RRFs; Figure 2). The
RRFs were grouped into 90° back-azimuth quad-
rants (Q1 to Q4) centered on the E-W and N-S axes
[e.g., Tkalci¢ et al., 2011] to evaluate the azimuthal
variations in the lithospheric properties (Figure 2).

The RFs were inverted using the Neighborhood Al-
gorithm (NA) inversion method [Sambridge, 1999] to
compute an ensemble of solutions of S-wave veloc-
ities profiles for different ray parameters (p) within
the range of +0.006 s-km™' of the median ray pa-
rameter [Figure 3; see selection and stacking proce-
dure in Fontaine et al., 2013a, Dofal et al., 2021]. Note
that this method gives convergent results with re-
flection [Fontaine et al., 2013b] and refraction pro-
files or transdimensional hierarchical Bayesian ap-
proach [Fontaine et al.,, 2015]. We used data from
the different quadrants for the stacking procedure
in order to image the potential presence of litho-
spheric anisotropies or dipping interfaces [e.g., Sav-
age, 1998]. During the RFs inversion procedure, syn-
thetics RFs were generated for 45,200 models us-
ing the Thomson-Haskell matrix method [Thomson,
1950, Haskell, 1990]. A calculation of the )(2 misfit
function was applied to verify the coherency of the
synthetics with the data. This misfit function, a L2-
norm, is defined as the sum of the squares of the dif-
ference between the observed amplitude of the radial
RF and the amplitude of the synthetic radial RF from
a6-layer model. Fontaine et al. [2013b] showed an ex-
ample of the misfit function obtained using the NA
(see their Figure 3A). An a priori parametrization was

used to generate the S-wave velocity structure. It cor-
responds to a 6 layers model, each characterized by
4 parameters: Vp/ Vs ratio, thickness of the layer, S-
wave velocities at the top and at the base of the layer.
Full details of the a priori parameter space bounds
can be found in Supplementary Material A. The ve-
locity interfaces were determined from the S-wave
velocities profiles, considering the 1000 best-fitting
models (black curve in Figure 3).

We also extracted the Rayleigh wave dispersion
curve from the regional (1° x 1° grid) group velocity
model of Mazzullo et al. [2017] at the closest point
to the station (12.5° S; 45.5° E). In the tomography
model, the lithosphere is densely sampled with 170
seismic rays at the point where the dispersion data
were extracted. This dispersion curve has periods
ranging from 16 s to 100 s, allowing to constrain the
lithospheric structures. The joint inversion enables
us to take advantage of the constraints provided by
two different datasets on complementary parame-
ters. On the one hand, the receiver function inversion
allows constraining the S-wave velocity contrasts at
the sampled interfaces by a set of ascending seis-
mic rays. It gives relative velocities with depth. On
the other hand, surface waves provide absolute ve-
locity information as a function of depth without be-
ing sensitive to interfaces [e.g., Ozalaybey et al., 1997,
Julia et al., 2000, Tkalci¢ et al., 2006]. Recent devel-
opments in inversion methods include the influence
of noise in the inversion by treating it as a free pa-
rameter, such as the initial number of layers [e.g.,
Bodin et al., 2012 for the transdimensional hierar-
chical Bayesian inversion method; TB]. Therefore, TB
method allows greater resolution of the velocity vari-
ation because models with a larger number of lay-
ers are recovered from the inversion. However, at the
time of the study, the main objective is to determine
the most significant lithospheric structures in this
region where this information is not yet available.
Therefore, we used the linear joint inversion method
of Herrmann and Ammon [2002] and applied it to
the RRFs and a Rayleigh wave dispersion curve. The
information carried by each dataset is equally used
during the inversion.

The stability of our inversion results was tested by
performing inversions with several initial mod-
els. The used models are derived from PREM
[Dziewonski and Anderson, 1981], akl35 [Kennett
etal., 1995], HSak135 (halfspace starting model), and
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Figure 2. Radial (left) and transverse (right) receiver functions (RFs) grouped from their back-azimuths at
the same scale. The teleseismic events used to perform RFs are indicated by stars with the same color scale
as back-azimuthal Q1 and Q2 quadrants. Quadrants correspond to 90° sectors bounded by NW-SE and SW-
NE axes. Q1 and Q2 correspond to the north and east sectors respectively. The P-wave direct arrival time is
picked at the origin time. Positive and negative phases are shown in dark and light grey, respectively. Blue,
green and orange ticks indicate arrival times of Pms!, Pcsand Pms phases (see text for details).
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Figure 3. Results of the NA inversion of the RF in the two quadrants (Q1 and Q2) of the MAYO seismic station.
(A) Comparison between the stacked measured radial RFs and the mean RF determined from the best 1000
models resulting from the inversion with the +1 standard deviation limits around the average. Orange and green
vertical lines account for the Pms and Pcs phases. (B) Density plot of the best 1000 velocity-depth models over
the 45,200 models calculated for each quadrant. The color scale is logarithmically proportional to the number of
models (Nm). The black line shows the average of the 1000 best models. White plain and dotted arrows indicate
clear and gentle variations of velocity gradients in the S-wave velocity (V;) profiles, respectively.
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SURF (surface wave inversion based on halfspace
starting model) and adapted in depth to the previ-
ous velocity model obtained by Dofal et al. [2021].
The uppermost mantle velocity of akl35 (i.e., Vg
of 4.48 km-s~!) was fixed for the halfspace-starting
model. The thickness of the two uppermost layers of
the initial models was fixed at 1 and 2 km, respec-
tively, while the thicknesses of the following layers
were 2.5 km down to a depth of 100 km. We also
tested the stability of the inversions by varying the
layer thickness of the initial models (Supplementary
Material B). During the inversion, a smoothing pa-
rameter was defined in order to prevent important
velocity contrasts for two consecutive layers. This
parameter was set at 0.8 for the first 30 km [i.e., in the
crust and magmatic underplating; Dofal et al., 2021].
The influence of the smoothing parameter is limited
as presented in Supplementary Material C.

In the NA RF inversions, we cut the traces 12 s after
the direct P wave arrival time, whereas the signal
was cut after 17 s for the joint inversions. For both
inversions, the RF started at —5 s.

As for any geophysical inversion, the method used
has its own limitations, in particular related to the
noise not accounted for in the inversion and as-
sumed to be zero, so the complexity of the final
model is not driven by the data only but is also in-
fluenced by the subjective choice of the parameter-
ization. Another limitation is induced by the small
number of events, the poor back-azimuthal cover-
age and the possible influence of anisotropies or
tilted reflectors, known as theory errors. Indeed, we
were able to use only a limited number of RFs used
in our study due to a thorough selection that in-
creases the robustness of our inversions. Yet, the con-
sistency of the RFs in each quadrant suggests a rela-
tive structure homogeneity in these back-azimuthal
zones. Overall, if first order information may provide
well-constrained results, these limitations imply that
our second order interpretations should be taken
as hypothetical and should be confirmed by further
investigations.

3. Results

From the 447 events satisfying the selected criteria
exposed before (epicentral distance, magnitude), we
retain only 9 of them to calculate 9 individual RFs
(data with a signal-to-noise ratio >2). The location

of Mayotte relative to the global seismogenic zones
strongly limits the number of teleseismic events in
the usable epicentral distance (list of selected events
available in Supplementary Material D). Most of
them occur within the northern and eastern sectors
only (3 and 6 RFs in Q1 and Q2, respectively; Fig-
ure 2).

Most of the RRFs (8 out of 9) show two positive
amplitude peaks at about 1 and 3 s, labeled Pcs and
Pms (Figure 2). The Pcs phase denotes the phase
generated at the crust-to-magmatic underplating
boundary [Leahy et al., 2010]. The Pms phase results
from the conversion at the crust-to-mantle bound-
ary and here it is at the magmatic underplating-to-
lithosphere mantle interface [e.g., Leahy et al., 2010,
Dofal et al., 2021]. On the 358° back-azimuth RE the
first phase following the P-direct cannot be the Pcs
phase that corresponds to the crust-to-magmatic
underplating interface because no clear phase ap-
pears at 3 s (the phase corresponding to the bottom
of magmatic underplating). Therefore, the 1 s phase
called Pms' on the 358° RF could not be generated at
the same geological structure that generated the 1 s
phase (Pcs) on eight other RFs (Figure 2). Other ex-
planations include dipping interfaces or anisotropy.
Nevertheless, with only one RE it is not reliable to
look at the velocity structure at this back-azimuth.
Another difference between RFs from both quadrants
is that RRFs from Q2 show a negative phase that do
not appear on RRFs of Q1 and could be related to an
anisotropic structure within the lithosphere. Finally,
we notice that the main difference between the RFs
recorded in the two quadrants stands in the polarity
of the first peak of the Transverse RFs (TRFs), which
is negative and positive in Q1 and Q2, respectively.
The origin of this polarity inversion will be discussed
in the next section.

Two of the six RFs falling in Q2 do not match the
ray parameter criteria (RFs characterized by 76 and
96° of back-azimuth) and are not considered for com-
puting the stacked RF of Q2 for the inversion with
the neighborhood algorithm (NA). The ensemble of
RFs (i.e., 3 and 4 RFs for Q1 and Q2, respectively) and
the stacked RFs obtained for the NA shows a slight
shift of the P-direct phase from the 0 time. This may
be related to an important velocity contrast between
the first two layers [e.g., Zelt and Ellis, 1999]. This ob-
servation is confirmed by the ensemble of best data-
fitting S-wave velocity profiles that shows a sharp
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velocity hinge at 3 and 4 km beneath the station for
Q1 and Q2, respectively (Figure 3B). RFs also reveal
two positive peaks that follow the main P phase
arrival (Figure 3A). The first peak arrives at around
1.5 s while the second one is recorded at 3-3.5 s. The
former is interpreted as the Pcs phase, and the latter
may correspond to the Pms phase. The modeled RFs
describing the average of the 1000 best velocity mod-
els for Q1 and Q2 reproduce well the first 7 s after
the P-direct phase but fail at fitting the high negative
peak at ~8 s (Figure 3A). Beneath the 3-4 km depth
boundary, the S-wave velocity profiles present either
a constant, low gradient down to 15 km depth in Q1
or a slight velocity decrease until 6 km depth followed
by a constant, low gradient down to 16 km depth in
Q2. Below these depths (16-17 km), the S-wave ve-
locity slightly increases at a constant rate in both
quadrants until 30-35 km depth, where a weakly pro-
nounced LVZ seems to be initiated (Figure 3B). The
geometry of this IVZ is poorly constrained in Q2, as
demonstrated by the larger scattering of the velocity-
depth models than in Q1. To deal with this limita-
tion, we take advantage of the sensitivity of surface
wave dispersion data to investigate the geometry of
the lithosphere down to 100 km depth and to better
determine the evolution of the S-wave velocity with
depth (Figure 4).

We therefore perform a joint inversion of RFs and
surface wave dispersion data in both quadrants. To
perform the joint inversion of RFs and surface wave
dispersion data, we use the four initial models de-
scribed in Section 2 as input (Figure 4). This inver-
sion strategy is applied to the sets of RFs recorded
for each quadrant (3 and 6 RFs for Q1 and Q2, re-
spectively). The full set of models generated for these
inversions is available in Supplementary Material
E. The resulting velocity profiles for each quadrant
and for the four selected models are presented in
Figure 4. It shows first a general consistency between
the profiles computed with the different models as
they all present a similar overall evolution of the
S-wave velocity with depth. The slight differences
between the computed profiles for each quadrant
stand in the occurrence of discrete steps related to
velocity changes in the ak135 and PREM models and
in higher and lower velocity values in the profile with
ak135 model than with the others. Therefore, we
consider an average of the four profiles to minimize
the effect of each individual a priori model and to

describe the structure of the lithosphere in quadrants
Q1 and Q2 (Figure 4).

The average velocity models for both quadrants
show, at first glance, a similar overall evolution char-
acterized by (1) S-velocities of 1.6 and 1.9 km-s~! near
the surface increasing rapidly to 3.5 km-s~! at around
4-6 km depth, (2) a change in velocity gradient with
a slow velocity increase followed by a rapid one until
around 4.5 km-s~! at 28-30 km depth, (3) a decrease
of the velocity to minimum values reached at 49 and
54 km depth in Q1 and Q2, respectively, and (4) a sec-
ond LVZ with slower velocities than in the shallow
one from 62-64 to 92-93 km depth (Figure 4).

The shallowest layer L1, 4, and 6 km in thickness
in Q1 and Q2, respectively, is characterized by the
highest velocity gradient (0.25-0.4 km-s~!-km™!; Ta-
ble 1). In both Q1 and Q2, the velocity continues to
increase in the layer L2 down to its base at 29-31 km
depth (Figure 4). Below L2, the velocity decreases,
forming a LVZ visible in both sectors that we define
as L3 (Figure 4). This low-velocity layer is marked by
a continuous (in Q2) and discontinuous (in Q1) ve-
locity decrease down to 54 and 49 km, respectively.
The velocity drop in this IVZis larger in Q2 than in Q1
(—11.6 and —6.3% of the velocity measured at its top;
Table 1). The base of L3 lies at 62-64 km depth
(Figure 4; Table 1). Below the L3 layer, we define 14,
which is mainly made by a second large LVZ visible
on the velocity profiles. The velocity drops of around
12.5% at 75 km depth. The base of this LVZ is around
92 km depth in both quadrants.

Thus, the joint inversion of receiver functions
and Rayleigh wave dispersion data suggests a simi-
lar first-order structure of the lithosphere in Q1 and
Q2. L1 and L2 are characterized by positive gradi-
ents, whereas L3 and L4 represent two successive LVZ
(Figure 4). Interestingly, the main difference between
Q1 and Q2 is the amplitude and the size of the IVZ
in L3, which is broader and slower in the quadrant
sampling the eastern sector (Q2) than in the north-
ern one (Q1).

4. Discussion
4.1. Lithospheric anisotropy/dipping interface

At first glance, the lithosphere sampled by rays
arriving from the northern and eastern azimuths
presents a similar overall geometry. Despite a sparse
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Figure 4. Joint RF and Rayleigh dispersion curves inversion results for Q1 and Q2 quadrants (A and B). Left,
individual absolute S-wave velocity profiles obtained for four starting models (detailed in the legend) and the
corresponding mean model, in red. Upper right panels, plot of modeled dispersion curves, and the data. Bottom
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Table 1. Summary of the lithospheric structure in Q1 and Q2 determined from the joint inversion of

receiver functions and Rayleigh wave dispersion data

Layers Layerbasal  Layer Velocity Average velocity Minimum LVZ velocity
depth thickness  (km-s™!) at the gradient velocity value  decrease (%)
base of the layer ~ (km-s~!-km™!) (If LVZ)
L1 4 4 3.2 0.40
Q1 L2 29 25 4.4 0.05
L3 62 33 4.45 LvZ 4.17 -6.3
L4 4.3 LvZ 3.8 -11.6
L1 6 6 3.4 0.25
Q2 L2 31 25 4.55 0.05
L3 64 33 4.4 LvzZ 4.05
L4 93 19 4.4 vz 3.8 -13.6

back-azimuthal coverage (e.g., no RFs in Q3 and
Q4) impeding unambiguous interpretation [e.g.,
Owens and Crosson, 1988, Cassidy, 1992], several
lines of evidence indicate the occurrence of het-
erogeneities and anisotropic structures within the
lithosphere beneath Mayotte. The first evidence is
the non-zero TRFs [e.g., Cassidy, 1992, Bertrand
and Deschamps, 2000] showing clear peaks of op-
posite polarities in Q1 and Q2 (Figure 2). Such a
pattern may indicate the presence of anisotropic
structures within a multi-layered lithosphere [e.g.,
Nagaya et al., 2008, Bar et al., 2019]. Although the
anisotropy cannot be precisely characterized from
RFs due to the little number of observations, the
azimuthal seismic anisotropy obtained at MAYO sta-
tion from surface and body waves suggests a com-
plex anisotropy down to 100-150 km depth with two
fast directions trending E-W and NE-SW [Mazzullo
et al.,, 2017, Scholz et al., 2018]. The E-W trend was
proposed to be caused by ridge-parallel mantle flow
inherited from the N-S opening of the Somali basin,
while the NE-SW one still remains enigmatic [Scholz
et al., 2018]. The occurrence of dipping interfaces
may also contribute to the inversion of peak polarity
on the TRFs between Q1 and Q2, and to the occur-
rence of high amplitude TRFs [e.g., Savage, 1998].
As for the anisotropy, due to the sparsity of data,
the dips of the interfaces cannot be well constrained
and are considered by simplicity as horizontal. Note
that the uncertainty on the Moho depth increases
with the increase of dip angle. Synthetic analysis
shows that a dip angle >4° introduces an error on

the depth estimation of the interface >2 km [Zhang
etal., 2009].

Finally, all RRFs but one show two peaks arriv-
ing at around 1.5 s and 3-3.5 s (Figure 2). Only the
358° back-azimuth RF has a single positive phase af-
ter the P-direct phase at almost 1 s, suggesting a dis-
tinct structure. This feature, together with the arrival
times of the direct P phase on the set of RRFs could
originate from multi-scale heterogeneities within the
lithosphere.

4.2. Structure of the lithosphere

Our combined analysis of receiver functions and
the joint inversion of receiver function and Rayleigh
wave dispersion data allows us to characterize the
lithospheric structure and to further constrain the
geometry proposed from receiver functions and H-x
staking [Dofal et al., 2021]. In a previous analysis,
we imaged three interfaces (at 4, 17 and 26-27 km
depth), which we interpreted as the base of the
Mayotte volcanic edifice, the interface (called “old
Moho”) between a thinned continental crust and
an underlying magma underplating, and the base
of the magmatic underplating (called “new Moho”),
respectively [Dofal et al., 2021]. Our new approach
brings additional constraints to this geometry and
allows us to discuss possible differences in the
lithospheric structure between the northern and
eastern quadrants, as supported by variations on
radial RFs (Figure 2; see Section 3). Both velocity pro-
files computed from the NA and the joint inversion
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identify a shallow interface around 4 km depth (NA
inversion: 3 and 4 km depth and joint inversion: 4
and 6 km depth for Q1 and Q2, respectively). Note
that the slight differences in depth are in the range of
the uncertainty, which is commonly assumed to be
around 2 km for the Moho depth [e.g., Fontaine et al.,
2015]. Another explanation could be the occurrence
of a dipping interface toward Q2, which may explain
part of the high energy on the transverse compo-
nent. Nevertheless, this interface is interpreted as the
base of the volcanic edifice of Mayotte Island that
is lying 3.5 km below sea level [Audru et al., 2006].
The base of L2, lying at 29-31 km depth, is close to
the interface evidenced at 26-27 km depth [Dofal
etal., 2021]. Given the range of uncertainty, it is likely
that our joint inversion imaged the same interface
as the one identified by these authors. Meanwhile,
our approach brings more detailed information on
the structures located between 4 km and around
29 km depth. Indeed, the S-wave velocity profiles
of Figure 4 both show a ramp-like increase with a
sub-layer with a moderate velocity gradient between
two sub-layers with smaller velocity gradients. The
depth of the base of the first sublayer in Q1 and Q2
is located at 14 and 17 km, respectively, and coin-
cides with that of the old Moho proposed in Dofal
et al. [2021]. Note that the S-wave velocities deter-
mined for the base of this layer (3.5-3.7 km-s™1) in
Q2 are compatible with the ones proposed for the
oceanic crust [3.4-3.6 km-s~!; Christensen, 1996,
Leahy et al., 2010], but also for a bulk continental
crust [3.65 km-s™!; Christensen, 1996]. Thus, our ve-
locity data do not allow to discriminate the oceanic or
continental nature of this sub-layer. Its thickness (10—
11 km) suggests however, that this unit either corre-
sponds to an abnormally thick oceanic crust, which
is regionally 6-7 km thick [Vormann et al., 2020,
Dofal et al., 2021], or to a thinned continental crust
abandoned during the southern drift of Madagascar
[Dofal et al., 2021].

Below the old Moho, velocity gradients are con-
stant until S-wave velocities reach 4.2 to 4.55 km-s~!
at the base of L2. Such a velocity range is comparable
to that of magmatic underplating [around 4.2 km-s™};
Watts et al., 1985, Caress et al., 1995, Leahy et al.,
2010], suggesting an endogenous crustal thickening
of 14-15 km due to magma crystallization.

Below the new Moho, the L3 layer interpreted as
the lithospheric mantle presents a ~20-km-thick LVZ

characterized by minimum S-wave velocities at 49—
54 km depth (Table 1; Figure 4). The origin of this LVZ
is discussed in the next section. Finally, our data sug-
gest a LAB at 62-64 km depth and a well-expressed
LVZ in the upper part of the asthenosphere, with an
average drop of 12.5% in shear wave velocities (Ta-
ble 1). The LAB depth determined in the present
paper agrees with the range of depths (50-90 km)
proposed by Barruol et al. [2019] for the Comoros
archipelago and indicates that the lithosphere is ab-
normally thin (64 km instead of around 110 km) for a
lithosphere dated at around 140 Ma [Coffin and Rabi-
nowitz, 1987]. Nonetheless, this value is similar to the
lithospheric thickness of Madagascar [60 km; Rako-
tondraompiana et al., 1999], where the thinning of
the lithospheric mantle is thought to result from the
emplacement of an asthenospheric thermal anomaly
in the Cenozoic [Stephenson et al., 2021].

5. Lithospheric-scale magma transfer

The renewal of volcanic activity east of Mayotte that
started in spring 2018 was associated with a major
seismic crisis, the events of which allowed to char-
acterize the magma transfer in the upper lithosphere
from a first magma reservoir located at 25-35 km
depth by Cesca et al. [2020] and at 28 +3 km by
Lemoine et al. [2020]. The seismicity is concentrated
into two deep clusters located east of Mayotte at 20—
50 km and 25-50 km depth [Lemoine et al., 2020,
Bertil et al., 2021, Saurel et al., 2021]. The analysis of
the submarine lavas emitted by the new volcano sug-
gests two additional reservoirs located at 17 + 6 km
and between 37-48 km depth [Berthod et al., 2021a].
Finally, tomographic models computed from both
terrestrial and ocean bottom seismometers recently
imaged several low S-wave velocity zones interpreted
as magma reservoirs located at about 10, 28, and
44 km depth, the deepest one being the largest in size
[Foix et al., 2021].

The locations of the seismic clusters, of the
magma reservoirs, and of the structures of the litho-
sphere that we determine from the present RF anal-
ysis strongly suggest that magma reservoirs are lo-
cated at 17 km and 28 km, i.e., at the rheological
interfaces between the crust and the underplating
(the old Moho), and between the underplating and
the lithospheric mantle, respectively (the new Moho,
Figure 5). Interestingly, magnetotelluric soundings
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Figure 5. Conceptual model of the magmatic plumbing system below the currently active eruptive zone
of Mayotte (quadrant Q2). In black, the S-wave velocity profile of the Q2 quadrant obtained at the MAYO
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The lateral extent of objects is not constrained.

show the occurrence of two orders of magnitude of
resistivity drop at 15 km depth interpreted as the
presence of partial melt [Darnet et al., 2020]. The
rheological effect of successive lithological layers is
known to control the progressive growth of magma
reservoirs by incremental sill injections [Kavanagh
et al., 2006, Menand, 2011, and references therein].
We, therefore, propose that the old Moho acted as a
ponding zone since the initiation of the Cenozoic vol-
canism [e.g., Michon, 2016], allowing the progressive
development of a thick magma underplating that
subsequently cooled and became part of the crust.

The upper and lower interfaces of the newly formed
underplating have likely played a role of mechanical
heterogeneities that favored horizontal magma accu-
mulation and the formation of independent magma
I€Servoirs.

Both petrological and seismological data indicate
a major magma reservoir located within the litho-
spheric mantle at a depth range of 37-52 km be-
low sea level [Berthod et al.,, 2021a,b, Foix et al.,,
2021], which corresponds to the upper part of the
LVZ that we obtain via the S-wave velocity profile de-
termined for Q2 (i.e., from rays sampling the east-
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ern quadrant where the current seismicity and vol-
canic activity occur). It is worth noting that the seis-
mic data used by Foix et al. [2021] for their passive to-
mography does not allow to investigate mantle struc-
tures at depths greater than about 45 km and conse-
quently, cannot image a downward continuity of the
magma reservoir. Furthermore, the petrological pres-
sure constraints were calculated from clinopyroxene
crystals [Berthod et al., 2021a,b] that may have not
sampled the entire storage zone. We, therefore, in-
terpret the IVZ imaged with our joint inversion ap-
proach as a large magma storage zone between 38
and 58 km depth (Figure 5).

Our data cannot access the detailed structure and
the heterogeneities within this large-scale molten
body. It is therefore unlikely that this entire volume
corresponds to a huge magma chamber filled by a
sole magmatic phase. Instead, the S-wave velocity
profile of Q2 reveals a progressive velocity decrease
down to 54 km depth, which could sign the pres-
ence of partial melt and of a mush with an increas-
ing amount of liquid phase from 38 to 54 km. Inter-
estingly, the characteristics of the LVZ in Q1 (a dis-
continuous velocity decrease and higher S-wave ve-
locities) suggest that a smaller amount of magma
is stored in the lithospheric mantle in the north-
ern quadrant beneath Mayotte than in the east-
ern one below the submarine volcanic ridge along
which the new volcano formed [Feuillet et al., 2021].
The development of deep magma storage within the
lithospheric mantle where no obvious interface ex-
ists raises the question of its controls. Analog ex-
periments have suggested that the rigidity contrast
between a stiff upper layer and a lower, less rigid
unit prevents a vertical magma ascent and magma
stalling in horizontal magma intrusions [Kavanagh
et al., 2006]. Such a process can explain the devel-
opment of sill injections right below the Conrad dis-
continuity, in the uppermost part of the viscous lower
crust [Sparks et al.,, 2019]. A similar strength pro-
file does exist in the lithospheric mantle where the
lower part is viscous while the upper one remains
brittle [Ranalli and Murphy, 1987, Buck, 1991]. Thus,
we propose that the magma ascending from the as-
thenosphere stalls in the viscous lower lithospheric
mantle, underneath a more rigid upper layer. The
pressure decrease related to the magma emission
along the submarine ridge may explain the intense
seismicity that developed in the upper rigid layer,

between 20-25 km and 50 km depth [Cesca et al.,
2020, Lemoine et al., 2020, Feuillet et al., 2021, Saurel
et al., 2021].

Although our approach does not allow to deter-
mine the precise location of the magmatic struc-
tures in the eastern quadrant (Q2), it provides results
that remarkably agree with the suspected location of
magma reservoirs [Lemoine et al., 2020, Cesca et al.,
2020, Foix et al., 2021, Berthod et al., 2021a,b]. Our
results provide insights and independent constraints
into the deep plumbing system, i.e., from the sur-
face down to the asthenosphere, revealing the exis-
tence of a substantial magma-rich zone within the
lithospheric mantle. Finally, our results suggest that
magma stalling beneath Mayotte is primarily con-
trolled by brittle/ductile rheological contrasts in both
the lithospheric mantle and the crust.

6. Conclusion

Despite a limited dataset due to the short dura-
tion of deployment of the MAYO seismic station,
we are able to bring new elements to constrain the
structure of the lithosphere beneath Mayotte and its
northern and eastern submarine flanks. We identify
deep magma storage within the lithospheric man-
tle (between 38 and 54 km depth) whose dynam-
ics yields seismicity since 2018 in the brittle part of
the lithospheric mantle. We propose that a shallow
magma reservoir lies at the interface between the
lithospheric mantle and the overlying crust, favor-
ing the formation of thick magma underplating, and
that two other magma reservoirs occur at ~17 km and
28 km at the upper and lower boundaries of this un-
derplating. Finally, our results suggest that the de-
velopment of the plumbing system is controlled by
the rheological contrasts existing within the litho-
sphere, contrasts that act as mechanical boundaries
in which magma stalls and may progressively con-
tribute to the formation of a thick magma underplat-
ing in areas of long-lasting activity. To better con-
strain the lateral and depth extents of the lithospheric
structures and of the magma plumbing system at
a more regional scale, future work should combine
data recorded (1) by permanent onshore broadband
stations, (2) by ocean bottom seismometers deployed
at large scale around Mayotte and at smaller scale
around the eruptive site [cf. REVOSIMA, 2020, Saurel
etal., 2021], and (3) by long term and multiparameter
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offshore geophysical observatory, as proposed by the
future French MARMOR initiative.
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Abstract. A multichannel seismic reflection profile acquired during the SISMAORE cruise (2021)
provides the first in-depth image of the submarine volcanic edifice, named Fani Maore, that formed
50 km east of Mayotte Island (Comoros Archipelago) in 2018-2019. This new edifice sits on a ~140 m
thick sedimentary layer, which is above a major, volcanic layer up to ~1 km thick and extends
over 120 km along the profile. This volcanic unit is made of several distinct seismic facies that
indicate successive volcanic phases. We interpret this volcanic layer as witnessing the main phase of
construction of the Mayotte Island volcanic edifice. A ~2.2-2.5 km thick sedimentary unit is present
between this volcanic layer and the top of the crust. A complex magmatic feeder system is observed
within this unit, composed of saucer-shape sills and seal bypass systems. The deepest tip of this
volcanic layer lies below the top-Oligocene seismic horizon, indicating that the volcanism of Mayotte
Island likely began around 26.5 Ma, earlier than previously assumed.

Résumé. Un profil de sismique réflexion multitrace acquis lors de la campagne océanographique
SISMAORE (2021) apporte la premiére image en profondeur du volcan sous-marin Fani Maore, qui
s’est formé a 50 km a I'est de I'lle de Mayotte (archipel des Comores) en 2018-2019. Ce nouvel édifice
repose sur une premiere couche sédimentaire d’environ 140 m d’épaisseur au-dessus d'une couche
volcanique majeure épaisse de 1 km et qui s’étend sur 120 km le long du profil. Cette derniére unité
volcanique est constituée de plusieurs facies sismiques distincts qui indiquent des phases volcaniques
successives. Nous interprétons cette couche volcanique comme le témoin de la phase principale
de construction de I'édifice volcanique de I'ile de Mayotte. Une couverture sédimentaire de ~2.2—
2.5 km d’épaisseur est présente entre cette couche volcanique et le toit de la crotite. On y observe de
nombreux sills en forme de soucoupe ainsi que des zones a facies de remontées de fluides, dessinant
un systeme d’alimentation magmatique complexe sous la principale couche volcanique. Lextrémité
la plus profonde de cette couche volcanique se place en dessous de I'’horizon sismique de I'Oligocene
supérieur et indique que le volcanisme de I'lle de Mayotte a probablement commencé vers 26.5 Ma,

plus tot que ce qui était supposé auparavant.

Keywords. Comoros Archipelago, Mayotte, Fani Maore volcano, Volcanism, Seismic reflection.

Mots-clés. Archipel des Comores, Mayotte, Volcan Fani Maoré, Volcanisme, Sismique réflexion.
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1. Introduction

The East-Mayotte seismo-volcanic crisis that started
in May 2018 [Cesca et al., 2020, Lemoine et al., 2020]
and gave birth to a large—820 m high and 5 km
in diameter—submarine volcanic edifice sitting at
approximately 3500 m water depth [Feuillet et al.,
2021]. Following an application submitted to the UN-
ESCO’s International Marine Chart Commission, the
new volcano was named Fani Maore. The new vol-
cano grew in the abyssal plain of the North Mozam-
bique Channel, some 50 km east of Mayotte Island
(Comoros Archipelago), at the end of a NW-SE trend-
ing volcanic ridge (Figure 1). Before May 2018, no
recent eruption or notable seismic activity was re-
ported around Mayotte [Lemoine et al., 2020]. More-
over, no recent volcanic edifice was mapped during
successive bathymetric surveys in 2014 and 2016 at
the position of the Fani Maore volcano [Feuillet et al.,
2021]. Since May 2019, multiple scientific cruises col-
lected geophysical and geochemical data to docu-
ment this active submarine eruption, which is one of
the largest ever witnessed [MAYOBS cruises; Rinnert

et al,, 2019]. The petrological signatures of dredged
lavas integrated with geophysical data show that this
large effusive eruption is fed by a deep (=37 km) and
large (=10 km?) pre-existing mantle reservoir and
that the eruption was tectonically triggered [Berthod
et al., 2021a, Lavayssiere et al., 2021]. The magma
transfer from mantle depth up to the seafloor is syn-
eruptive [Berthod et al., 2021a]. Yet, direct informa-
tion at the crustal scale is missing and both the struc-
ture and the nature of the basement below the Fani
Maore volcano are unknown.

In February 2021, the SISMAORE cruise aboard
R/V (Research Vessel) “Pourquoi Pas?” collected deep
seismic reflection data along several profiles within
the abyssal plains surrounding the volcanic islands
of the Comoros Archipelago (Figure 1). This article
presents an interpretation of a multichannel seismic
profile (MAOR21D01) acquired across the new sub-
marine East-Mayotte volcano. This profile reveals the
submarine structure of the Fani Maore volcano as
well as widespread magmatic features around, sills in
particular, imaged within the ~3 km thick sedimen-
tary cover from the seafloor down to the top of the
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i Basin

¢ Fani Maore
volcano

Figure 1. Location of the multichannel seismic profile MAOR21DO01 (orange line) from SISMAORE MCS
dataset (red lines) in the south of the Somali basin offshore the Comoros Archipelago, in the western
Indian Ocean [see top-right inset; bathymetric data from Compilation Group GEBCO Grid, 2020]. Lower-
left inset: bathymetric map of the Fani Maore volcano to the east of Mayotte [Thinon et al., 2020].

crust. We constrain the age of the onset of volcanic
activity in the survey area by identifying a basaltic
layer at depth that we relate to the early construc-
tion of Mayotte Island and correlating seismic hori-
zons above and below, using known seismic stratig-
raphy.

2. Geological background

Volcanism in the northern Mozambique Channel is
widespread since the Early Cretaceous [Sauter et al.,
2018]. It initiated soon after the onset of seafloor
spreading between Madagascar and Africa and con-
tinued as several phases until the present-day. In
the West Somali Basin and the Mozambique Chan-
nel, the oldest regional magmatic phase occurred
in Late Cretaceous times in relation to the breakup
of Madagascar and Greater India [Torsvik et al.,
2000]. Widespread flood basalts erupted between
92-83 Ma both onshore and offshore Madagascar

[Leroux et al., 2020, Storey et al., 1995]. Renewed
volcanic activity around the Mozambique Chan-
nel appeared to have started during Late Oligocene
[Michon, 2016]. Based on geochronological data,
the oldest volcanic activity recorded in the Co-
moros Archipelago has been dated around 11 Ma
ago [Pelleter et al., 2014], but the timing of onset
and main growth phase of the Archipelago remains
poorly constrained [Michon, 2016]. Assuming an
average long-term magma production rate for the
Comoros Archipelago of 0.05 m3/s, Michon [2016]
suggested that volcanic activity initiated earlier in
Mayotte, at about 20 Ma ago. The nature of the
crust beneath the volcanic edifices remains a ma-
jor open question. Both oceanic and extended con-
tinental crust have been proposed [Famin et al.,
2020]. Using one receiver function, Dofal et al. [2021]
recently proposed that the volcanic edifice of May-
otte Island was emplaced on top of an isolated con-
tinental block, abandoned during the Gondwana
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break-up and thickened afterward by magmatic un-
derplating. However, these data were compatible
with both continental and oceanic crust, and the
continental block model mainly relies on the pres-
ence of a quartzite massif, on Anjouan Island, which
is west (i.e., oceanward) of Mayotte [Roach et al.,
2017]. Thus, the nature of the crust under Mayotte is
still subject to debate.

3. Data acquisition and processing

Multichannel seismic (MCS) data were recorded with
a 6000 m long streamer with 960 channels spaced ev-
ery 6.25 m and towed at 10 m depth. The streamer po-
sition was computed using a tail buoy GPS and com-
passes. The seismic reflection source was composed
of 16 airguns in two clusters, with a total volume of
~82 L (4990 cu. in.), also towed at 10 m depth. The
airgun array was triggered every 40 s, i.e., every 100 m
with a mean vessel speed of 4.8 knots. The record
length was 20 s with a sampling rate of 2 ms. The
distance between each common depth point (CDP)
is 3.25 m. During processing, supergather CDPs were
built by merging 4 CDPs in a bin of 12.5 m, allowing
for a fold of 60.

Processing followed a fairly typical workflow us-
ing Geovation® software (developed by CGG) in
pre-stack time for almost all steps: trace editing,
amplitude correction, normal move-out correction,
FK-filtering, multiple attenuation and predictive
deconvolution. Post-stack time migration was per-
formed using velocity analysis. Velocities were man-
ually picked every 200 CDP to update the velocity
model (Figure 2 and Supplementary Figure 1). The
first picking round resulted in a significant signal
loss below ~5.25 s TWT (two-way travel time) after
stacking (example around CDP 8001, Figure 2Aa,
Ab and Ac, assuming a linear velocity increase with
depth shown as red line in B). We iteratively im-
proved the stack by increasing the RMS (root mean
square) velocity at that depth (resulting interval ve-
locities shown as black line in Figure 2B, improved
stack in Ca, Supplementary Figure 1). The clearest
reflectivity in the entire sedimentary column was ob-
tained with a strong increase of the interval velocity
followed by a velocity inversion defining a 4000 m/s
layer between 5.25 s and 5.55 s TWT (at CDP 8001)
(Supplementary Figure 2). Seismic reflectors beneath
(Figure 2Ca, Cb and Cc) gain more coherency when

the velocity inversion is included. Although we may
sometimes miss the exact location of the velocity in-
version due to the low resolution of velocity picking,
a weak reflector marking the base of the layer can
be followed consistently along most of the profile
(Figure 3B, Ca, Cb). Below this layer, velocities must
be back to levels expected for typical sedimentary
layers (2000-3000 m/s; Figure 2A).

4. Description of the multichannel seismic re-
flection profile

The most striking shallow feature of the seismic re-
flection profile is the recent Fani Maore volcano, cen-
tered at CDP 12800 (distance ~99 km) (Figure 3A, B).
The volcanic edifice is ~1 s TWT high and 10 km wide
at its base. An important observation is that it sits on
a series of subparallel reflectors, corresponding to a
0.12 s TWT thick sedimentary unit (quoted « in Fig-
ure 3B). Two smaller edifices, ~0.3 s TWT high and
1.3-1.8 km wide, are located on each side of the new
volcano (centered at CDP 12400 and 13400). A strong
reflector located below the volcanic edifices can be
traced at ~4.75 s TWT all the way to the southern and
northern ends of the profile, within the sedimentary
unit (Figure 3A, B, C). This reflector corresponds to
a strong velocity gradient at the top of the 4000 m/s
interval velocity layer (see Section 3, Figure 2 and
Supplementary Figure 2). Considering that this inter-
val velocity is representative of typical basaltic rocks
[Telford et al., 1990] and that the strong reflector at
the top of the layer is below the volcanic edifices, we
are confident that this reflector corresponds to the
top of a basaltic unit. Sub-parallel reflectors, corre-
sponding to sedimentary layers, are observed both
above and below this volcanic layer (Figure 3). The
entire sedimentary cover is thinner in the northern-
most part of the profile (~2.5 s TWT thick convert-
ing to ~3.1 km using an average 2500 m/s velocity in
the sediments) than at the southern end of the pro-
file (3 s TWT, ~3.8 km) (Figure 3). The top basement
is defined by a strong reflector at 7-8 s TWT below
which continuous and fine layering is no longer ob-
served, replaced by a series of discontinuous very low
frequency phases.

4.1. Seismic stratigraphy

Calibration of MCS data in previous works [Franke
etal., 2015, Klimke et al., 2016] is based on the stratig-
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Figure 2. (A) Seismic processing using the velocity picking in red line (B) (a) Seismic image centered
at CDP 8001 with the velocity model presented in (B) (red line); (b) RMS velocities (purple lines) as a
function of TWT (s), shown on the semblance. These RMS velocities profiles have been applied to the
stacked profile shown in (Aa); (c) Supergather 8001 after Normal Move Out correction (NMO) (red lines)
corresponding to the stacked section (Aa). (B) Example of interval velocity of the supergather CDP 8001
as a function of the two-way travel time for two different velocity pickings (the red line corresponds to
the RMS velocity picking shown in (Ab); the black line corresponds to the RMS velocity picking shown in
(Cb)) (C) Seismic processing using the velocity picking in black line (B) (a) Seismic image centered around
CDP 8001 after application of the full processing workflow with velocity inversion (B: black line), (b) RMS
velocities (purple lines) as a function of TWT (s), shown on the semblance. These RMS velocities profiles
have been applied to the stacked profile shown in Ca. (c) Stack section centered around CDP 8001 after
NMO velocity picking, based on the first determination of velocities presented in Cb and B black line.
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raphy obtained at DSDP (Deep Sea Drilling Project)
hole 242 and IODP (Integrated Ocean Drilling Pro-
gram) hole 1476, both located ~500 km west of
Mayotte (inset in Figure 1), as well as ties with seismic
lines of offshore Madagascar [Leroux et al., 2020]. Our
revised seismic stratigraphy builds on these studies

and the identification of four remarkable seismic
markers in the sedimentary cover: top Miocene,
top Oligocene, Cretaceous-Paleogene unconformity
(K/Pg), and the Turonian volcanism event (Figures 3
and 4). Since they bracket the basaltic layer, they put
strong constraints on the timing of Mayotte volcan-
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Figure 3. (A) Migrated profile MAOR21DO01 with (B) interpretation from CDP 5000 to CDP 17000 (150 km,

see Figure 1 for the location of the profile. The Fani Maore volcano is located at CDP 12900. (C) Termina-
tion of the basaltic layer on the southern (a) (vertical exaggeration x4) and in the northern (b) (vertical

exaggeration x8) part of the line. Sediments are onlapping on its top.
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ism. These markers are distinctively followed in the
southern part of the profile but are more difficult to
identify to the north of the new volcano.

The K/Pg unconformity is a distinct event recog-
nized in the seismic profiles throughout the West So-
mali basin [Franke et al., 2015, Mahanjane, 2014].
Offshore northern Madagascar, this unconformity is
well marked in the lines crossing the offshore Ma-
junga Basin [Leroux et al., 2020]. One of these lines
(ION GXT 1300) crosses our MAOR21DO01 profile at
CDP 7400 (Figure 3A, B, green vertical line) allowing
us to correlate the medium amplitude reflector, more
clearly visible at 6.75 s TWT at CDP 6000 (Figure 4),
to the K/Pg unconformity (K/Pg blue line in Figures).
A series of reflectors is onlapping the K/Pg uncon-
formity at the southern end of the profile. Below the
K/Pg reflector, we interpret a package of high ampli-
tude and low-frequency discontinuous reflectors (TV
in Figures 3 and 4, orange line) as corresponding to
the Turonian volcanism that has been evidenced in
the Diego and Majunga basins offshore Madagascar
[Coffin and Rabinowitz, 1987, Leroux et al., 2020].

We identify a strong reflector as the top Oligocene
horizon, based on the seismic stratigraphy used in
Franke et al. [2015, TO in Figures 3 and 4] and the
DSDP hole 242. This Oligocene horizon is well de-
fined in the Rovuma basin [Mougenot et al., 1986]
and can be followed from there up to the eastern
flank of the Davie Ridge [Franke et al., 2015] and to-
ward the Comoros Archipelago. Finally, we identify a
top Miocene horizon (TM in Figures 3 and 4) at the
same depth than the top-Miocene unit found in the
IODP hole 1476 [235 m below sea floor, location in
Figure 1; Hall et al., 2017].

4.2. Description of the basaltic layer

The top of the basaltic layer is a clear, strong reflec-
tor all along the MCS line (Figures 3A, B, and 4). To
the south of the new volcano, this reflector gently
dips ~1° southward, in continuity with the slope of
the Mayotte edifice, measured from the bathymet-
ric data in a sediment-free area. From the seismic
image, it is clear that the sedimentary layers on top
of the basaltic layer are progressively onlapping the
top reflector on both sides of the Fani Maore volcano
(Figure 3Ca). The top of the basaltic layer is highly re-
flective and smooth except where conic-shaped ed-
ifices are locally observed. Small conic-shaped edi-

fices, ~500 m wide and ~200 m high, are most clearly
imaged around CDP 7000 in the distal part of the vol-
canic layer (Figure 3). Another volcano around 4 km
large and 150 m tall is observed at CDP 9600. To the
north of this edifice, the top basaltic basement be-
comes rougher and irregular for ~20 km, before step-
ping upward and reaching the recent volcano area.
A medium amplitude discontinuous flat reflector at
~5.7 s TWT is identified as the base of the basaltic
layer. This reflector is characterized by his reverse po-
larity, more clearly visible on the northern part of the
profile (see the red line in Figures 3Cb, 4, 5 and 6).
This layer thins southward and ends as a single re-
flector at ~5.7 s TWT depth at the southernmost end
of the MCS line (Figure 3).

In the southern part of the MCS line, three seismic
facies are identified within the basaltic layer (pink,
blue and green units to the south of the Fani Maore
volcano in Figures 3-5). To the north, the facies of
the basaltic layer appears more or less uniform (cyan
layer to the north of the new volcano in Figures 3B
and 5c). We interpret the deepest seismically trans-
parent layer with a mean thickness of ~0.5 s TWT
(~1000 m) as representing the main volcanic flow
unit (see the pink layer in Figures 3B and 4c). It ex-
tends from CDP 5590 to CDP 12800 along ~91 km.
Closer to the submarine volcano, a second basaltic
unit overlays the bottom one, but still below the seis-
mically distinct top reflection of the flow unit (blue
layer in Figures 3B and 5c). This layer has a smaller
extent (~33 km) and thickness (~0.25 s TWT, i.e.,
~500 m on average) when compared to the main vol-
canic unit. The thickness of the upper part of the
basaltic layer is highly variable and reaches 0.4 s TWT
(800 m) close to the new volcanic edifice (see the
green layer in Figures 3 and 5). To the north of the
Fani Maore volcano, the basaltic layer extends from
CDP 13500 to CDP 16500 (~35 km) and is made of
a flat-lying unit (cyan layer in Figures 3B and 5c).
A distinct step in the top reflector of this layer at
CDP 14200 might represent a lava front. Close to the
new volcano, the volcanic unit is ~0.3 s TWT thick
(~700 m) while it thins to ~0.2 s TWT (~400 m) to the
north of the step.

4.3. The seal bypass systems

Below the volcanic layer, numerous seal bypass sys-
tems [as defined by Cartwright et al., 2007] are ob-
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Figure 4. (a) Seismic stratigraphic horizons and associated facies identified at CDP 6000 (line
MAOR21D01) TM: Top Miocene, TO: Top Oligocene, K/Pg: Cretaceous/Paleogene unconformity, TV: Tur-
onian volcanism; (b, c) same profile at CDP 10000 and identification of seismic facies: basalt layer, sills,
seal bypass system, and the top of the acoustic basement.

served (reddish domains in Figures 3-5). These seal
bypass systems are recognized as chaotic chimney-
like seismic facies running vertically through the
sedimentary units. There, the typical continuous
reflection pattern of the sedimentary units is re-
placed by scattered and strongly attenuated reflec-
tions. Locally, pull-up effects, due to vertical vari-
ations in velocity resulting from the occurrence of
high-velocity magmatic material, disturb the geom-
etry of the sedimentary units (as observed in TWT).
Because there is often a progressive change of the
seismic facies toward the centers of the seal bypass
systems, defining precisely the edges of this seismic
facies is difficult. The high-velocity basaltic layer
above also acts as a screen filter and masks the imag-
ing of the lower parts. Therefore, we only show the
largest and best-defined seal bypass systems in Fig-
ures 3, 5 and 6. Such seal bypass systems are more
numerous to the south of the new volcano while the
chaotic seismic facies is more pervasive at a small

scale in the northernmost part of the profile. There,
beside smaller systems, we observe two seal bypass
systems that cuts through the volcanic layer and the
recent sedimentary layer rising up to the seafloor
(Figure 3A, B; CDP 15700 and CDP 16600). At the
end of the profile (CDP 17000) we observe some seal
bypass system corresponding to the volcanic activity
of the Jumelles ridges (Figure 1). All other seal bypass
systems (without counting the seal bypass system
present under the Fani Maore volcano) are sealed by
the main volcanic layer. Seal bypass systems are nar-
row below small volcanic edifices and wider below
the larger edifices, the largest one being observed
beneath the new East-Mayotte volcano (Figure 5b, c).
Numerous saucer-shaped bright reflectors, often or-
ganized step-wise, are observed both inside and at
the border of the seal bypass systems. Although their
shape might result from pull-up effects or migration
artifacts (CDP 12700; at 5.0 s TWT), we interpret
most of these bright amplitude reflectors as sills (Fig-
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Figure 5. (a) Bathymetric profiles converted in s TWT plotted on the seismic profile MAOR21DO01. Purple
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Figure 6. (a, b) Close-up view of the southern part of the MAOR21DO01 profile from CDP 9500 to 11000
showing the seismic facies within the basaltic layer and below it within the seal bypass systems (see

Figure 3 for the location).

ures 3A, B, 4, 6, and 7) [Medialdea et al., 2017]. We
thus interpret the disturbed seismic facies in the seal
bypass systems as the result of a network of almost
vertical dykes or fractures, not imaged in seismic re-
flection, in which fluids and/or melt are rising from
crustal or sub-crustal levels, up to the submarine
volcanic edifices.

4.4. The new volcanic edifice

We use the bathymetric grid collected by the SHOM
(Service hydrographique et océanographique de la
marine) in 2014 [SHOM, 2016b, 2014] to obtain a time
converted profile of the paleo-seafloor, using water
interval velocity (the pull-up is not corrected). We
superimpose this paleo-seafloor on the MCS profile

(see the blue line in Figure 5a). This paleo-seafloor
is not flat but shows some conic-shaped edifices that
can be correlated with a strong undulating reflec-
tor in the MCS profile (see the green layer in Fig-
ures 3b and 5c). This reflector joins the seafloor at
CDP 12500 to the south and CDP 13300 to the north
defining the 10 km wide base of the new volcano (Fig-
ure 5b, c¢). To the north, the recent volcanic material
abuts the adjacent smaller and older edifice (green
in Figures 5, 7). To the south, the seafloor at the foot
of the new volcano is flat if corrected for the pull-
up effect from high-velocity material and at the same
depth as the small older volcanic edifice to the south
(CDP 12500 Figures 3, 5 and 7). This strongly argues
for the presence of sediments at the seafloor there,
rather than a magmatic flow unit. Indeed, between
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this paleo-seafloor and the main volcanic layers at
depth (pink and cyan layers in Figures 3 and 5) we
identify a ~0.11 s TWT (~140 m) thick unit which
contains locally some fine reflectors that we propose
to correspond to sedimentary layers. A few bright re-
flectors are also observed within this unit that could
correspond to volcanic flows (a in Figures 3B and
5). Finally, under the Fani Maore volcano and be-
low the basaltic layer, a series of subparallel reflectors
corresponding to a sedimentary unit 1.75-2 s TWT
thick (~2.2-2.5 km) is identified lying on the top of
the acoustic basement (Figures 5 and 7). Numerous
bright saucer-shaped reflectors (i.e., sills) are imaged
both within and outside the large seal bypass system
delineated below the new volcano.

Above the paleo-seafloor, i.e., within the Fani
Maore volcano, we attempt to identify different seis-
mic units based on their more or less transparent fa-
cies and specific geometries of reflectors (Figure 5c).
Superimposing time corrected bathymetric profiles
from either side of the seismic profile onto the seis-
mic image (Figure 5a, black and green lines) shows
that the southern and northern upper parts of the
new volcanic edifice may correspond to seismic side
echoes generated by late lava flows on the flanks
(light blue areas in Figure 5c). The strongest reflec-
tors, which are almost parallel to each other and are
dipping away from the central and shallowest part
of the volcano, are marking changes of seismic fa-
cies. Therefore, we interpret them as corresponding
to the main lava flows at the end or start of the vol-
canic events building the successive volcanic cones
(Figure 5c¢ in purple and blue). Smaller and weaker re-
flectors within some of these seismic facies look sim-
ilar to those found in lava deltas (see within the blue
domain in darkest blue Figure 5c) indicating lateral
progradation of the edifice flanks during the volcanic
events. Thanks to a previous bathymetric survey in
May 2019 [Feuillet et al., 2021] we could identify a sin-
gle small post May 2019 lava flow in our profile (in or-
ange in Figure 5).

5. Evolution of the volcanism

Parallel lava flows dipping away from the volcano’s
shallowest part indicate that they were likely fed by a
single magma conduit. We propose that the new vol-
cano was formed through successive eruptive events
building stacked cones and associated flows. These

lava flows covered the pre-existing conic-shaped edi-
fices of the paleo seafloor. Following the results from
Berthod et al. [2021b] and Berthod et al. [2022], the
single small post May 2019 lava flow (in red in Fig-
ure 5) shows that most of Fani Maore edifice imaged
by our seismic reflection profile was built between
May 2018 and May 2019, correlated to the beginning
of the seismic crisis. This lava flow and the underly-
ing one appear to cover an about 140 m-thick sedi-
mentary unit with minor volcanic additions in it (see
a in Figure 5). Assuming a 3 cm/ky sedimentation
rate, measured at IODP well 1476 [Hall et al., 2017],
a ~4.6 Malong period of tectonic quiescence with lit-
tle volcanism, if any, is roughly estimated at this loca-
tion.

The main magmatic phase that resulted in the
formation of the deep basaltic units is obviously
older. The distinct seismic facies of this main basaltic
layer together with the numerous seal bypass sys-
tems feeding several volcanic edifices on top of it re-
veal a complex volcanic evolution around Mayotte Is-
land with at least three volcanic phases. The thick-
est, deepest, and thus oldest, basaltic layer with its
flat base parallel to the underlying sedimentary units,
has the widest extent. Considering the location of the
seismic line on the flank of Mayotte Island and the
gentle slope of the basaltic layer inline with the one of
the Mayotte edifice, it is likely that this volcanic layer
corresponds to the submarine portion of the Mayotte
Island volcanic edifice (Figures 3A, B, 6a, b, and 7).
Following Leroux et al. [2020], we attribute this vol-
canic episode to the very early formation of May-
otte Island. The southern end of this volcanic layer
lies below the inferred top-Oligocene seismic hori-
zon (~23 Ma, Figures 3 and 4). Volcanism at May-
otte Island may thus have begun significantly earlier
than previously thought [20 Ma, Michon, 2016]. We
estimate the onset of this volcanism between 26 and
27 Ma ago by taking the 0.13 s TWT difference be-
tween the top-Oligocene horizon and the most dis-
tal part of the main volcanic layer (130 m at 2 km/s)
and assuming a 30-35 m/Ma constant sedimentation
rate during the Oligocene. We will reassess this age
of the onset of volcanism at Mayotte and the nearby
Comoros islands using the other MCS lines from the
SISMAORE cruise in a forthcoming paper. We note
that this age coincides with the beginning of the
rift-related volcanism in the southern East African
Rift System [26-25 Ma in the Rukwa Basin; Roberts
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et al.,, 2012], as well as in Central Madagascar [28 Ma
in the Ankaratra province, Bardintzeff et al., 2010].
Following Michon [2016] and Michon et al. [2022],
this contemporary onset of volcanism suggests a ge-
netic link at a regional scale.

6. Conclusions

The interpretation of a newly acquired multichan-
nel seismic reflection profile across the new volcano
in the east of Mayotte reveals that several distinct
magmatic phases affected the area. The most recent
phase resulted in the formation of the Fani Maore
volcano through eruptive events building successive
cones with associated flows since May 2018. The ge-
ometry of the lava flows around the submarine vol-
cano suggests a melt supply through a single magma
conduit. The new volcano sits on a ~140 m thick sed-
imentary layer, as inferred from the seismic reflec-
tion pattern, suggesting a period of volcanic quies-
cence. Beneath this sedimentary layer exists a ma-
jor, volcanic layer up to ~1 km thick and extends as
far as ~91 km to the south and ~33 km to the north
of the recently formed submarine volcano. This unit
is made up of several different seismic facies that
may indicate successive volcanic phases. We inter-
pret this major volcanic layer as being part of the
early construction of the Mayotte volcanic edifice,
with the presence of a complex magmatic feeder sys-
tem below, being composed of many saucer-shaped
sills and seal bypass systems. A ~2.2-2.5 km thick
sedimentary unit is found between the main volcanic
layer, below the new volcano, and the top of the crust.
The identification of the top-Oligocene seismic hori-
zon above the deepest tip of the main volcanic layer
indicates that the onset of the volcanism at Mayotte
Island may be older than previously thought.
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Abstract. Unlike subaerial volcanic activity, deep submarine eruptions are difficult to detect, observe
and monitor. The objective of this paper is to describe a large and complex volcanic region, named the
Horseshoe area, recently discovered at ~1500 m below sea level on the eastern upper submarine slope
of Mayotte Island. The area is crucial because, since 2018, it has experienced an exceptionally deep
seismic activity associated with the ongoing submarine eruption that formed a new volcanic edifice,
Fani Maoré, about 40 km to the east. We present the results of a multiscale study, based on high-
resolution bathymetry and in-situ seafloor observations carried out with autonomous underwater
vehicles (AUVs) and deep-towed camera systems. In-situ imagery provides ground-truth for the
geological interpretation of seafloor textures mapped with the bathymetry. The combination of both
datasets allows us to discuss the nature of the volcanic structures and to propose a relative chronology
of previous eruptive events in the Horseshoe area. Based on our analyses, we propose the following
chronology: (a) the emplacement of a large explosive volcanic cone, the Horseshoe edifice, (b) the later
collapse of this edifice that resulted in the formation of an elongated, 2 km wide horseshoe-shaped
depression, crosscutting older hummocky lava flows, (c) the development of an E-W eruptive fissure
associated with numerous explosive craters, east of the Horseshoe edifice, and (d) late volcanism
emanating from the rim of the horseshoe-shaped depression that fed elongated thin lava flows both
towards and away from the depression. While all volcanic features mapped at the Horseshoe area
were emplaced prior to the 2018 eruption, our study shows that this region has still been volcanically
active in the recent past. Our results thus document a complex geological history at small spatial scales
involved in the construction of major submarine edifices, and that are controlled by volcano-tectonic
processes at larger scales.

Keywords. Mayotte, Submarine volcanism, Geological mapping, High-resolution bathymetry, In-situ

imagery.

Published online: 19 December 2022, Issue date: 17 January 2023

1. Introduction

Most of the Earth’s volcanic activity occurs under-
water, particularly along mid-ocean ridges, build-
ing the oceanic crust [Crisp, 1984]. To constrain the
setting and overall structure of submarine volcanic
systems, detailed bathymetric and optical surveys
of the seafloor are needed for comprehensive geo-
logical mapping. These combined data are crucial
to better understand the distribution, geometry and
nature of volcanic products, and to extrapolate lo-
cal seafloor observations to more general subma-
rine volcanic processes. Systematic seafloor mapping
also provides a baseline for temporal studies, while
providing a context for in-situ measurements. Such
comprehensive studies [e.g., Dziak et al., 2001, Em-
bley et al., 2010, Wessel et al., 2010, Nomikou et al.,
2013, Anderson et al., 2017] can constrain the history
and time evolution of submarine volcanism, docu-
ment the processes leading to the formation of the
present-day seafloor volcanic morphologies and in
some cases, allow us to envision potential scenar-
ios of future volcanic activity. To date, only a few ac-
tive submarine volcanoes have been monitored, ei-
ther along the axis of mid-ocean ridges [e.g., Axial
Seamount, Clague et al., 2017, Chadwick Jr. et al.,
2022], or at seamounts away from mid-ocean ridges

[e.g., West Mata, Chadwick Jr. et al., 2019, Lo‘ihi,
Clague et al., 2019; Havre, Carey et al., 2018, Ikegami
et al., 2018; NW Rota-1, Embley et al., 2006, Chad-
wick Jr. et al., 2008, Schnur et al., 2017].

Since May 2018, Mayotte Island (Comoros
archipelago) has been undergoing a major seismo-
volcanic crisis [Cesca et al., 2020, Lemoine et al.,
2020] that has led to the formation of a major new
deep sea (~2500 m) volcanic edifice, Fani Maoré,
about 50 km east of the island [Deplus et al., 2019,
Berthod et al., 2021a, Feuillet et al., 2021, Masquelet
et al,, 2022]. This eruption is the largest submarine
event ever documented. While earlier studies have
focused on the understanding of the geodynamic set-
ting of the Comoros archipelago [Nougier et al., 1986,
Famin et al., 2020, Bertil et al., 2021, Tzevahirtzian
et al., 2021, Thinon et al., 2022], the source of vol-
canic activity in the area is still poorly understood
[Bachélery et al., 2016, Famin et al., 2020, Quidelleur
et al., 2022]. The present seismo-volcanic crisis thus
provides a unique opportunity to better understand
the interactions between different processes on the
submarine flanks of Mayotte (e.g., volcanism, tec-
tonic activity, deep seismic activity, hydrothermal
activity), and to improve our knowledge of deep sub-
marine volcanism in general. All these phenomena
impact the local ecosystems, while representing a po-
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tential risk for the human population on the island.
As a result, the Mayotte Volcanological and Seismo-
logical Monitoring Network [REVOSIMA, 2022] con-
sortium was created and a series of oceanographic
cruises have been carried out since 2019, to both
monitor and study the area, providing a wide range
of datasets (e.g., bathymetry, imagery, petrology,
seismicity, geochemistry, biology, etc.), and involving
numerous multidisciplinary research groups.

Here we do not focus on the new post-2018 Fani
Maoré volcanic edifice, but we present a multi-
spatial-scale geomorphological study of the Horse-
shoe area, located 10 km east of Mayotte Island, on
its eastern upper submarine slope. This area shows
complex and diverse volcanic morphologies, active
fluid outflow, and lies directly above the main cluster
of seismicity, which is located at a depth of more than
30 km [Lavayssiere et al., 2022, Saurel et al., 2022].

Specifically, we analyze very high-resolution
bathymetry, acquired with Autonomous Under-
water Vehicles (AUVs named Idef* and AsterX), to
document the different volcanic features and mor-
phologies in this complex Horseshoe area. The anal-
ysis of in-situ seafloor imagery from a deep-towed
camera system (Scampi) coupled to that of the AUV
bathymetry provides ground-truth for geological in-
terpretations. Hence, using a multiscale approach
from regional maps down to outcrop-scale visual ob-
servations we interpret (a) the morphological nature
and architecture of volcanic structures, (b) the erup-
tive modes at several spatial and temporal scales and
their links to other processes, and (c) possible links
between the present-day morphologies observed in
the area and the recent Fani Maoré eruption and
associated phenomena.

2. Geological setting

The Comoros archipelago is located north of the
Mozambique Channel (Indian Ocean), between
the Mozambique and Madagascar (Figure 1a). The
archipelago is composed of four volcanic islands
(Grande Comore, Mohéli, Anjouan and Mayotte)
aligned in an overall east-west (E-W) trend: [Daniel
et al.,, 1972, Tzevahirtzian et al., 2021]. Grande Co-
more is the most frequently active volcanic island
with the Karthala volcano [Bacheélery et al., 2016].
This region was affected by an episode of NW-SE rift-
ing through the Permo-Triassic which was associated

with the fragmentation of Gondwana [~170-185 Ma,
Eagles and Konig, 2008, Gaina et al., 2015, Lein-
weber and Jokat, 2012, Mueller and Jokat, 2019,
Senkans et al., 2019], opening the Mozambique, Co-
mores and Somali basins, during which Madagascar
drifted southward [Mahanjane, 2012, Davis et al.,
2016]. The nature of the lithosphere (continental vs.
oceanic) underlying the Comoros archipelago con-
tinues to be debated and has been diversely inter-
preted over the years [Nougier et al., 1986, Michon,
2016, Masquelet et al., 2022, Rolandone et al., 2022].
The origin of volcanism in the area is also poorly un-
derstood, and proposed hypotheses include: (a) hot
spot activity [Emerick and Duncan, 1982], (b) litho-
spheric fracture zones facilitating melt transport
[Nougier et al., 1986], or (c) coupling of both pro-
cesses, with the interaction of extensional tectonics
and deeper astenospheric processes [e.g., Courgeon
et al., 2018, Deville et al., 2018, Famin et al., 2020,
Franke et al., 2015, Kusky et al., 2010, Michon, 2016,
O’Connor et al., 2019, Wiles et al., 2020]. Several
authors [e.g. Kusky et al., 2010, Stamps et al., 2018,
Famin et al., 2020, Lemoine et al., 2020, Thinon et al.,
2022] suggest the presence of a diffuse and immature
Lwandle-Somalia plate boundary along the Comoros
archipelago. Feuillet et al. [2021], based on data re-
cently acquired offshore Mayotte, propose that the
present-day morphology of the archipelago results
from an E-W transtensional boundary that trans-
fers the strain between the offshore branches of the
East-African rift and the grabens of Madagascar.

Mayotte, the oldest and easternmost cluster of
volcanic edifices in the Comoros archipelago, is
composed of two main volcanic islands: Grande-
Terre and Petite-Terre (Figure 1). The onset of main
magmatic activity in Mayotte has been estimated
between 15-30 Ma [Emerick and Duncan, 1982,
Nougier et al., 1986, Debeuf, 2004, Pelleter et al.,
2014, Michon, 2016], and in more recent studies be-
tween 26-27 Ma [Masquelet et al., 2022]. Mayotte
is now made of three morphologically and struc-
turally distinct units corresponding to three distinct
eruptive phases [Debeuf, 2004, Nehlig et al., 2013].
Volcanic activity continued in the Late Quaternary
(=12 ka), and volcanic ash layers occurring just above
coral from lagoon sediments dated at 7305 + 65 years
cal BP [Zinke et al., 2003, 2005] suggest that the last
volcanic and explosive activity on land occurred less
than 7 ka ago and perhaps as recently as between
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Figure 1. (A) Simplified map of the Comoros archipelago showing the location of Mayotte Island. (B) Map
of the East-Mayotte Volcanic Chain (EMVC) modified from Feuillet et al. [2021] showing the Horseshoe,
the Crown—a structure likely associated with a former caldera collapse (red dashed line), and the New
post-2018 Volcanic Edifice (Fani Maoré). The central part of Fani Maoré is in red and the radial ridges
and associated lava flows are in orange (outlines were defined by Feuillet et al. [2021] based on depth
changes between 2014 and 2019). Purple patches represent pre-2018 volcanic features (mainly cones).
Pink patches represent pre-2018 lava flows and elongated features. Yellow patches represent the upper
submarine slope’s highly reflective pre-2018 lava flows (see Figure 2).

6-4 ka BP as reported by Zinke et al. [2000]. Markers
of this subaerial volcanic activity include cones,
tuff rings, tuff cones and maar craters, that are well
preserved [Nehlig et al., 2013, Pelleter et al., 2014].
The volcanic activity also extends offshore, east of
Petite-Terre, where numerous submarine basanitic
and phonolitic volcanic cones and lava fields are
aligned along a 50 km long, WNW-ESE trending vol-
canic chain [Figure 1b; Audru et al., 2006, Berthod
et al.,, 2021a,b, Feuillet et al., 2021, Tzevahirtzian
et al., 2021], called the East-Mayotte Volcanic Chain
(EMVCQC).

A major seismic crisis began in Mayotte on May
10th 2018, in a previously seismically quiet area

[Audru et al., 2010, Lemoine et al., 2020]. Since the
beginning of the crisis, thousands of exceptionally
deep (25-50 km) earthquakes have been recorded
offshore Mayotte, with a major swarm detected
~10 km east of Petite-Terre [Cesca et al., 2020,
Lemoine et al., 2020, Feuillet et al., 2021, Lavayssiére
et al., 2022, Saurel et al., 2022]. The strongest earth-
quake (M, = 5.9) was felt on May 15th 2018, and is
the strongest seismic event ever reported in the Co-
moros archipelago. Very-long-period seismic signals
were also detected [Cesca et al., 2020, Lemoine et al.,
2020, Feuillet et al., 2021, Lavayssiére et al., 2022,
Saurel et al., 2022], and could be generated by the
resonance of a fluid-filled cavity [Feuillet et al., 2021,
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Laurent et al., 2021]. At the same time, GNSS stations
recorded significant ground deformation of the is-
land, with ~20 cm of subsidence, and a horizontal
displacement of ~15 cm eastward [Lemoine et al.,
2020, REVOSIMA, 2022, Peltier et al., 2022]. It was
later proposed that the intense seismicity and signifi-
cant surface deformation were linked to the drainage
of a deep magma reservoir through dykes, leading
to a deep submarine eruption [Cesca et al., 2020,
Lemoine et al., 2020, Feuillet et al., 2021]. Recent
geophysical and petrological studies have suggested
the presence of a main magma reservoir at mantle
depths (>30 km) 5-10 km east of Petite-Terre (below
the Horseshoe area), together with reservoirs at shal-
lower depths that may be present further east along
the volcanic chain [Darnet et al., 2020, Berthod et al.,
2021a,b, Foix et al., 2021, Lavayssieére et al., 2022].

This major seismo-volcanic crisis led to the dis-
covery of a new active volcanic edifice (NVE, recently
named Fani Maoré) in 2019, at the eastern tip of
the EMVC, at a 3500 m water depth [Feuillet et al.,
2021]. To date, this new volcano is 820 m tall, has
a base diameter of ~5 km and has produced more
than 6.5 km? of lavas [REVOSIMA, 2022] with various
morphologies, making it the largest effusive eruption
since Iceland’s Laki eruption in 1783 [>10 km?3, Thor-
darson and Self, 1993]. The main edifice is also asso-
ciated with extensive lava flows (Figure 1).

No recent (post-2018) eruption sites have been
detected on Mayotte’s eastern submarine slope.
However, the upper slope, east of Petite-Terre, is
still underlain by significant deep seismic activity
[25-50 km deep, Lavayssiere et al., 2022, Saurel et al.,
2022] and very active, with evolving fluid emissions
[REVOSIMA, 2022]. This region is the focus of our
study (Figure 2), and is characterized by numerous
young volcanic cones, highly acoustically reflective
lava flows that are widespread, and other features
linked to mass-wasting processes subsequent to vol-
canic activity. North of the Horseshoe area, Feuillet
et al. [2021] describe a large 10 km-wide depression
that is bounded to the west by cross-cutting sub-
marine faults and canyons (red dashed outline on
Figures 1 and 2). They propose that this depression
could be the vestige of a former caldera. A circular,
4 km-wide structure, hereafter called the Crown,
was found inside the depression, composed of seven
1 km-wide, 100-150 m-high volcanic cones that
have been interpreted by Feuillet et al. [2021] as post-

caldera domes [Cole et al., 2005]. In this region, Feuil-
let et al. [2021] also described the so-called “Horse-
shoe area”, including a 3.5 km-wide horseshoe-
shaped volcanic edifice, located on the southern
edge of the proposed caldera and whose peculiar
morphology, likely to have resulted from complex
collapse processes. This study is an in-depth investi-
gation of the Horseshoe area, through the analysis of
high-resolution bathymetry and in-situ imagery.

3. Data and methods

3.1. Seafloor textures derived from ship-
based and near-bottom high-resolution
bathymetry

This study combines two different bathymetry
datasets: ship-based bathymetry, gridded with dif-
ferent cell sizes that vary from ~10 to 20 m per pixel
(Figure 3a), and near-bottom bathymetry acquired
during AUV dives, at a spatial resolution of ~1 m
(Figure 3b).

Ship-based bathymetry and seafloor backscat-
ter data were acquired during three oceanographic
cruises (MAYOBS cruises, https://doi.org/10.18142/
291). The MAYOBS 1 and MAYOBS 4 data (Table 1)
were acquired using a 1° x 1° beam width Kongsberg
EM122 multibeam echosounder. In the study area
(water depths of 1000-1500 m), the data were grid-
ded with a 20-m cell size. In January 2021, another
survey was catried out during the MAYOBS17 cruise
(Table 1) using a 0.5° x 0.5° beam width multibeam
echosounder (Reson Seabat 7150 at 24 kHz), which
resulted in a bathymetry grid with a cell size of 10 m
over the same area.

Near-bottom, high-resolution multibeam bathy-
metry data were obtained during two cruises: the
MAYOBS 4 and MAYOBS 15 cruises (Table 1), with
IFREMER’s AUVs AsterX and Idef* respectively, both
equipped with a Kongsberg EM2040 multibeam
echosounder. The near-bottom surveys were run at
an altitude of ~70 m, yielding bathymetry with 1-m
spatial resolution.

In this study, we use bathymetry data processed
using the GLOBE software (doi: 10.17882/70460) to
conduct a geomorphological analysis of volcanic
and tectonic features, and those linked to later
mass-wasting processes. We analyze the fine scale
seafloor morphologies provided by near-bottom
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Figure 2. (A) General shaded bathymetric map focusing on Mayotte’s eastern upper submarine slope
showing the Horseshoe edifice, the Crown, deep submarine canyons, lava flows and volcanic cones. All
interpreted features are pre-2018 and have been defined in Feuillet et al. [2021]. Bathymetry data used for
this map were acquired during the MAYOBS 1 and MAYOBS 17 cruises (Table 1). (B) General backscatter
map that corresponds to the extent of Figure 2a, only using reflectivity data from the MAYOBS 01 cruise.
Relative scale is from —60 dB (black, low reflectivity) to +60 dB (white, high reflectivity).

Table 1. Monitoring oceanographic cruises conducted along the East-Mayotte Volcanic Chain (EMVC)

by the REVOSIMA consortium used in this study

Cruise Date PIL R/V DOI
MAYOBS 1 May 2019 Feuillet, N. Marion Dufresne https://doi.org/10.17600/18001217
MAYOBS 4 July 2019 Feuillet, N. and Marion Dufresne https://doi.org/10.17600/18001238
Fouquet, Y.

MAYOBS 15 October 2020 Feuillet, N., Rinnert, E. Marion Dufresne

and Thinon, I.
Thinon, I., Rinnert, E.
and Feuillet, N.

MAYOBS 17 January 2021

https://doi.org/10.17600/18001745

Pourquoi Pas?  https://doi.org/10.17600/18001983

high-resolution data through a combination of
shaded digital terrain models (Figure 4a), slope maps
(Figure 4b), and topographic profiles (Figure 5). The
seafloor textures and features identified are then
digitized at a scale of 1:10,000-1:20,000, depend-
ing on the resolution of the underlying bathymetric
grid, and georeferenced (Figure 6) using the QGIS
software (https://www.qgis.org/). For our interpreta-
tions we solely use geomorphological criteria, with-
out considering other data such as rock composition
or geochemistry, as these data are currently being

processed and will be integrated in a later study.
Other seafloor features are clearly visible in the study
area on the ship-based data, although they were not
surveyed during AUV dives. We map these features
separately (grey dashed outlines on Figure 6) for in-
dicative purposes but do not include them in our
interpretations as they were not identified with the
same resolution and hence reliability as the rest of
the morphologies identified in AUV near-bottom
data (Figure 6).
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Figure 3. Multi-scale approach, from regional mapping to high-resolution mapping, and to visual
ground truthing of seafloor outcrops. Example of an area mapped with (A) ship-based multibeam
echosounder system (MBES) bathymetry, (B) AUV near-seafloor multibeam bathymetry, (C) Scampi im-
age relocated on the shipboard bathymetric grid (purple square), and (D) General bathymetric map of
the study region: the Horseshoe area. Darker shaded bathymetry grids correspond to AUV grids coverage
(cell size ~1 m), that is superimposed on ship-based bathymetry (cell size ~10 m). The continuous yellow
lines locate Scampi dives from the MAYOBS 4 and MAYOBS 15 cruises (Table 1). Location of this figure is

indicated in Figure 2.

3.2. Ground truthing with in-situ observations

Seafloor images were obtained from a deep-towed
camera system named Scampi, a submarine seafloor
imaging system from IFREMER that is towed be-
hind the ship along predefined tracks. The Scampi
is flown a few meters above the seafloor to acquire

images and video with a vertically mounted cam-
era and light sources (Figure 3c). It was deployed
during the MAYOBS 4 and MAYOBS 15 cruises (Ta-
ble 1). Seven camera tows were made along the
volcanic chain, and four specifically targeted the
Horseshoe area, providing ~21 h of video imagery
(Figure 3d).
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Figure 4. (A) General shaded bathymetric map of the Horseshoe area (compilation AUV+MBES). The
different squares indicate details of the AUV derived bathymetric maps from Figure 5. (B) General slope
map of the Horseshoe area, with 50 m spaced bathymetric contours.

Visual seafloor observations provide ground-
truth of the geomorphological seafloor textures
mapped on the bathymetry, and are required to
better understand their geometry, nature, and dis-

tribution. These visual data are used to define sev-
eral facies that provide clues regarding their origin
(e.g., volcanic deposits, mass wasting, etc.). Qual-
itative comparison and spatial correlation of the
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Figure 5. (A-D) Details of seafloor textures identified on AUV bathymetry maps at the Horseshoe
area. Location of these details are indicated in Figure 4. Associated cross-sections are extracted
from bathymetry grids. Location of these cross-sections are indicated on the corresponding shaded

bathymetry map.

distribution of the geomorphological seafloor tex-
tures and visual facies mapped with high-resolution
bathymetry and in-situ imagery allows us to de-

termine whether local in-situ observations can
be extrapolated to broader areas using the high-
resolution bathymetry, or if more systematic and
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in-situ observations are needed to ground-truth the
bathymetry data.

All the images and videos from the Scampi tows
conducted within the Horseshoe area were inspected
visually, and from this systematic review we are able
to distinguish various visual facies based on textures
(e.g., size of blocks, surface texture; Figure 7). This
visual interpretation was conducted independently
from the geomorphological interpretation described
above for objectivity and to avoid biases. We system-
atically classified each image according to the differ-
ent visual facies along the Scampi tracks, thus pro-
viding a precise along-track map of the distribution
of the different facies (Figure 8). The superposition of
visual facies along the Scampi tracks over the seafloor
textures mapped on the bathymetry then allows us
to discuss the results presented in the following sec-
tion.

4. Results

4.1. Geomorphological characteristics and dis-
tribution of seafloor textures in the Horse-
shoe area

Near-seafloor, high-resolution AUV bathymetry data
(~1 m) acquired along Mayotte’s upper eastern sub-
marine slope document variations in seafloor mor-
phology (Figures 4, 5). Figure 5 presents the main
geomorphological seafloor textures that we observe
in the Horseshoe area between water depths of 1100-
1500 m.

The Horseshoe edifice was first described in Feuil-
letetal. [2021] as a large cone with smooth slopes and
a large irregular U-shaped scar, based on ship-based
bathymetry data. With the new high-resolution AUV
bathymetry, we can now describe this structure in
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Figure 7. (A-F) In-situ image examples of the different seafloor facies encountered in Scampi imagery
and reported on Figure 8. Fal: fine clastic material with little to no blocks. Fa2: angular blocks a few cm
to a few 10 s of cm across with very little matrix. Fa3: clusters of angular blocks up to a meter across with
no matrix. Fada-Fa4c: stratified, consolidated, to massive in-situ outcrops.

finer detail. The base of the edifice (purple dashes on
Figure 6) is ~4 km wide, as inferred from the break
in slope, from 15° to 25° on the cone compared to
the flat surrounding seafloor (Figure 4b). The cen-
ter of the edifice shows a 2 km-wide depression that
is open to the north. Its crest is marked by a sharp
and well-defined U-shaped limit: the Horseshoe’s rim
(red dashes on Figure 6). To the west, the depression
is bounded by a ~N-S striking, steep (~60°) 60 m-
high, eastward facing cliff (solid red line on Figure 6).
To the south, the depression is bounded by slopes

that are both smoother and more gently dipping. To
the east, the Horseshoe’s rim is kinked in a NW-SE di-
rection.

4.1.1. Bumpy terrains

First, we identify bumpy terrains (BTs) character-
ized by rounded, circular features that are often co-
alesced and grouped (Figure 5a). Individual circu-
lar features have typical diameters of a few tens to
up to ~200 m, heights of 10-100 m and display ei-
ther rough or smooth textures in the high-resolution
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Figure 8. Seafloor textures throughout the Horseshoe’s depression from the AUV high-resolution
bathymetry and Scampi imagery. The colors along the navigation track of the scampi diving (Dives 01
and 02 of MAYOBS 4 (Table 1) and Dives 02 and 03 of MAYOBS 15 (Table 1; see location on Figure 3d))
correspond to the different seafloor types indicated in the text and are underlain by the seafloor textures
mapped on the bathymetry (Figure 6). The small white circles locate the images from Figure 7. Owing to
navigation and flight conditions of the Scampi, the vehicle was off-bottom during part of the transects
and no images could be acquired. In addition to the visual facies described above, we also report these
track sections as off-seafloor with no visual ground-truth.

bathymetry. We map five areas of bumpy terrains
(BT1-BT5) on the western and eastern outer flanks of
the Horseshoe edifice as well as in the center of its
depression (Figure 6). These zones cover surfaces of
~1-2 km?. The westernmost terrain BT1 is clearly
truncated on its eastern edge by the sharp scarp
bounding the Horseshoe’s depression.

4.1.2. Cone-shaped edifices

We identify well-preserved cone-shaped edifices
(C1-C11 on Figure 6) that all display a sub-circular
plan-view base with either conical or domed to-
pographies (Figure 5b). Their flanks are smooth in
the high-resolution bathymetry with gentle slopes
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ranging from 10° to 25° (Figure 4b). These structures
show basal diameters of a few hundreds of meters
to ~1 km and heights of up to ~200 m relative to
the adjacent seafloor. West of the Horseshoe edi-
fice, we map a large cone (C1; 500 m in diameter at
the base, 140 m-high). North of the Horseshoe’s de-
pression and surrounded by BT5, we map a smooth
100 m-high edifice (C2) with gentle slopes and hav-
ing a conical shape elongated in a WSW-ENE direc-
tion. A 20 m-deep, 180 m-wide depression elongated
in the same direction is visible at its center. East of
the Horseshoe edifice, we identify three distinct sets
of cones (Figure 6). C3 and C4 (SC 1) are irregular
cones, overlap each other and present well-defined
small circular depressions (up to 100 m in diameter)
at their summits. C5-C7 (SC 2) are much smaller (di-
ameter up to 350 m), have clear circular bases and
also show summit depressions. Lastly, C8—-C11 (SC 3)
are larger (diameter up to 950 m), more irregularly
shaped and do not systematically show summit de-
pressions. The three sets of cones are aligned in an
overall E-W direction.

4.1.3. Wideridges

The three sets of cones (SC 1-SC 3) are aligned
with a sharp E-W to N 70° E striking Wide Ridge (WR1
on Figure 6). The northern and southern slopes of
this 1.2 km long ridge gently dip northwards by 25°
and southwards by 20° and show a very smooth tex-
ture in the bathymetry (Figure 4b). This ridge appears
to extend from the kinked eastern part of the Horse-
shoe’s rim and shows a sharp crest at its summit.
South of WR1 and just east of the base of the Horse-
shoe, we identify an ellipsoidal feature with a smooth
surface that is disrupted by northward dipping scarps
(brown patch on Figure 6).

4.1.4. Narrow ridges

We also identify narrow ridges (NRs) that cover
more restricted areas on slopes (Figure 5c). In par-
ticular, originating from the kinked, eastern part of
the Horseshoe’s rim we map eight narrow ridges
(NR 1-8, Figure 6) that are 120-250 m long, 30-60 m
wide and that are directed towards the center of
the depression. Originating from the eastern part of
the Horseshoe’s rim, we map a longer narrow ridge
(NR 9; ~1500 m) that goes away from the Horseshoe’s
depression, on its outer flank. We observe a depres-
sion in the center of NR 9. Shorter NRs also originate

from BT3 and from the southern part of the Horse-
shoe’s rim, displaying widths of ~30 m and lengths of
100-200 m.

4.1.5. Areas of rough relief

Within the Horseshoe’s depression and along WR1
we map irregularly shaped features that distinctly
disrupt the surrounding smooth bathymetry (Fig-
ure 5d). In particular, we identify five ~70 m-~280 m
long and up to 40 m high areas of rough relief (RR1-
RR5 on Figure 6). Another angular and irregular re-
lief with a similar rough morphology is located fur-
ther south at the foot of the southern part of the
Horseshoe’s rim (RR6). This RR6 relief is higher (up
to 100 m-high) and larger (0.3 km?) than those iden-
tified further north and appears to be a “spur” orig-
inating from the Horseshoe’s rim. Two other out-
crops of smaller size are also visible east and west
of the “spur” structure, and other angular features
can be identified throughout the study area, but we
have chosen to only digitize the most prominent
structures.

4.1.6. Other features

Northwest of the Horseshoe edifice we note a
set of steep N-S striking scarps arranged in an en-
echelon trend with the steep cliff bounding the
northwest edge of the Horseshoe’s depression (pink
lines on Figure 6). Lastly, south of the study area, we
identify a widespread terrain (WT) that has smoother
surfaces than those observed with the BTs.

4.2. Visual seafloor facies from in-situ imagery

In-situ imagery of the seafloor documents the out-
crop textures and detailed seafloor morphology at
smaller scales (~ a few m or less; Figure 7). In this sec-
tion we describe the different seafloor textures ob-
served at the Horseshoe area based solely on visual
criteria, for objectivity. The interpretation of these fa-
cies and their comparison to those observed else-
where is detailed in Section 5.1. The distribution of
these visual seafloor facies is shown in Figure 8 along
the Scampi tracks that go over the different geomor-
phological seafloor textures we described.

We identify four different visual facies (Fal to 4).
The first facies (Fal; Figure 7a; Table 2) is character-
ized by fine (<1 cm), clastic, matrix rich material with
few or no blocks and a muddy aspect. In some areas



94 Valentine Puzenat et al.

the material seems consolidated, forming crusts that
are often cracked. This Fal facies is encountered in
three distinct areas: (a) north of the Horseshoe’s de-
pression, (b) in the eastern region of the Horseshoe’s
floor, where it alternates with coarser deposits and
(c) along the southern inner flank of the Horseshoe
edifice (Figure 8), especially within the “spur” region
(RR6), where it covers some areas with more abrupt
topography and higher relief.

The most frequently encountered facies (Fa2; Fig-
ure 7b; Table 2) is characterized by small angular
blocks that are a few centimeters across, do not ap-
pear to be consolidated, and with very little clas-
tic matrix. There is a significant variability in the vi-
sual distribution and size of clasts, with some areas
displaying larger blocks that are placed over units
with smaller sized clasts. The density of larger blocks
shows lateral (along-track) variations and qualita-
tively we observe that their abundance increases up-
slope, or close to steep scarps. This Fa2 facies is
found in the Horseshoe’s central depression and on
its southwestern inner flank, The Horseshoe’s floor is
thus mainly composed of this facies, at least along the
tracks imaged by the Scampi (Figure 8).

The third facies (Fa3; Figure 7c; Table 2) is char-
acterized by clusters of larger angular blocks that are
tens of cm to one meter in diameter with no clastic
matrix. This facies is found throughout the area, at
the base of cliffs, along sloping areas, or within areas
of rough relief. In particular, we observe this facies on
the top of the large area of rough relief (RR6) at the
foot of the southern part of the Horseshoe’s rim, west
of BT1, as well as along its kink-shaped northeastern
rim. This facies is also found locally on the top sur-
face of BT5, just north of the smooth relief (C2, Fig-
ure 8) that it surrounds.

The last facies (Fa4) features in-situ, consolidated,
stratified or massive structures. We identify three
sub-facies within Fa4, based on the apparent al-
teration and stratification of outcrops (Fa4a-Fa4c).
Some structures are made up of brecciated, stratified
material (Fada, Figure 7d; Table 2). Fa4b consists of
clear angular, massive blocks 10 s of m across (Fig-
ure 7e; Table 2) while the last sub-facies (Fa4c) shows
overall flat morphologies with clear striations, resem-
bling subaerial ropy lava surfaces (Figure 7f; Table 2).
The areas mapped north of the Horseshoe’s depres-
sion, west of the “spur” (RR6) and originating from
the eastern kink-shaped part of the Horseshoe’s rim

all display brecciated, stratified outcrops often show-
ing fractures and thus correspond to the sub-facies
Fa4a. Facies observed around the spur region are less
fractured, often marking clear breaks in the topog-
raphy, as is the case east of BT1, below the western
part of the rim and are thus interpreted as the sub-
facies Fa4b. Lastly, north of the Horseshoe’s depres-
sion, west of BT5, we identify a massive area with an
overall flat morphology that we characterize as part
of the Fa4c sub-facies.

4.3. Comparisons and correlations between
high-resolution bathymetry and in-situ

imagery

Qualitative comparisons of the seafloor geomorpho-
logical textures mapped on the bathymetry and of
the visual facies identified on the in-situ imagery al-
lows us to determine if local, outcrop-scale data can
be extrapolated to broader areas. Visual seafloor fa-
cies Fal and Fa2 both are composed of relatively fine
(>10 cm) clastic material that corresponds to smooth
seafloor texture on the high-resolution bathymetry,
with no significant relief or changes in topography.
Both visual facies are composed of material that is
too fine to be associated to a specific sub-texture (i.e.
Fal or Fa2) in the smooth bathymetry areas. Hence,
all visual facies composed of elements with scales
lower than the resolution of the bathymetry and lack-
ing distinctive topographic features cannot be re-
gionally extrapolated using only local in-situ obser-
vations. We thus restrict our interpretations to the
Scampi tracks for these facies.

The visual facies Fa3 cannot be directly correlated
with any of the seafloor textures and features identi-
fied in the bathymetry for the same reasons (the ma-
terial is coarser but still too fine to be identified in
bathymetry). However, we do observe that this facies
tends to be found over features that show small-scale
roughness (at scales of a few m), especially along
slopes associated with scarps, ridges, or clear topo-
graphic markers.

In the Horseshoe area, the visual facies Fa4 iden-
tified on the Scampi imagery can be directly asso-
ciated to the areas of rough relief mapped on the
bathymetry (e.g., RR1-5). The sharp edges visible on
both the imagery and bathymetry provide general
ground-truth of these features, but systematic in-situ
observations are necessary to characterize the finer
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Table 2. Characteristics and location of high-resolution visual seafloor facies identified solely on deep-

towed camera images and videos

Facies Description

Location

¢ Fine (<1 cm) clasts
Fal « Few to no blocks
e Matrix rich

« Small angular blocks (>1 cm, <10 cm)

« North of the Horseshoe’s depression
« Eastern region of the depression
» Within RR6 region

e Most of the Horseshoe’s floor (most

Fa2 « Not consolidated :
frequently encountered facies)
« Very little matrix
« Large angular blocks (>10 cm, <1 m) « Within RR6 region
Fa3 » Not consolidated « Eastern part of the Horseshoe’s rim
¢ No matrix ¢ West of BT1
¢ On top of BT5
» North of the Horseshoe’s depression
Fada Stratified/brecciated in-situ structures  « West of RR6 region
Fa4 « Eastern part of the Horseshoe’s rim
o A RR i
Fadb Massive angular in-situ blocks (>10 m) round RR6 region
» East of BT1
Fa4c Flat, striated in-situ surfaces e West of BT5

scale morphologies, and to detect the presence of lin-
eations, fissures or breccia within the outcrops.

5. Discussion
5.1. Interpretation of seafloor textures and facies

To date, only a few seamounts have been studied
systematically over a wide range of scales [e.g., Ax-
ial Seamount, Chadwick Jr. et al., 2013, Clague et al.,
2017, West Mata, Chadwick Jr. et al., 2018; Havre,
Carey et al., 2018; NW Rota-1, Embley et al., 2006].
The geodynamic context offshore Mayotte is com-
plex and different from those regions, and the vol-
canic features and morphologies that we identify
along Mayotte’s eastern upper submarine slope can-
not be directly compared. However, we propose here
an interpretation of the seafloor features of our study
area, based on preexisting subaerial and submarine
geomorphological studies.

Bumpy terrains, widespread terrains and narrow
ridges likely correspond to different types of lava
flows that were emplaced through different pro-
cesses. While we do not yet have clear ground-truth

for the bumpy terrains identified from the high-
resolution bathymetry, we propose that BTs 1-5 are
similar to hummocky lava flows that are made of pil-
low lava [Smith and Cann, 1990, Clague et al., 2017].
The latter are commonly observed at slow-spreading
mid-ocean ridges [Smith et al., 1995, Yeo et al., 2012,
Yeo and Searle, 2013], or at other submarine volcanic
settings [e.g., Mariana back-arc spreading center,
Chadwick Jr. et al., 2018; West Mata seamount, Chad-
wick Jr. et al., 2019; Lo’ihi seamount, Clague et al.,
2019]. However, individual hummocks observed at
BTs 1-5 show a texture that visually appears rougher
than that described previously, and similar to what
has been observed by Embley and Rubin [2018] in the
Lau Basin, or by Portner et al. [2021] on the Alarcon
Rise segment of the East Pacific Rise. We propose that
the eruption processes might be similar, but the fine-
scale rougher morphology of hummocks observed at
the Horseshoe area may be due to lavas that are more
evolved, and therefore more viscous [Berthod et al.,
2021b], than those usually erupted along mid-ocean
ridges. We suggest that the narrow ridges that we
map at the Horseshoe area correspond to narrow lava
flows that originate from restricted and focused vent
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areas. Lastly, the widespread terrain that we identify
corresponds to the highly reflective lava flows visible
on both shipboard bathymetry and backscatter data
(Figure 2). They have a finer, smoother and more ho-
mogeneous aspect than that of the hummocky lava
flows and are thus possibly associated with lavas that
are erupted at a higher effusion rate and possibly a
slightly lower viscosity [Gregg and Fink, 1995, White
et al., 2015a].

The cone-shaped edifices mapped throughout the
Horseshoe area show smooth and regular slopes in
the high-resolution bathymetry and circular bases.
Some cones display sharp, circular summit depres-
sions which can be interpreted as summit craters re-
sulting from (a) an explosive volcanic activity or (b)
minor collapse (e.g., pit craters). In subaerial vol-
canic settings, summit craters are usually associated
with explosive volcanic activity that results in the for-
mation of monogenetic volcanic edifices [e.g., cin-
der cones, spatter cones, tuff rings, tuff cones; Aco-
cella, 2021]. High-resolution geomorphological stud-
ies on deep submarine volcanic cones have also high-
lighted the presence of summit craters [e.g., Davis
and Clague, 2006, Chadwick Jr. et al., 2008, Minami
and Ohara, 2018, Nomikou et al., 2012, Cronin et al.,
2017, Iezzi et al., 2020]. In submarine volcanic set-
tings, the interactions of magma with seawater and
the effects of pressure and temperature mean that ex-
plosive eruptions are less common, but not impossi-
ble [Head III and Wilson, 2003, White et al., 2015b].

We were able to correlate some of the geomorpho-
logical features mapped on the bathymetry with the
in-situ visual facies. That is the case for the areas of
Rough Relief, which appear to match the visual fa-
cies Fa4. Yet, the morphologies we observe in these
areas are complex and likely result from different pro-
cesses. They are thus difficult to interpret confidently
based solely on images and videos from a subverti-
cal 2D camera. Nevertheless, we propose that these
features are also the result of different volcanic pro-
cesses, some of which could be of effusive origin.

Features at scales below the resolution of the AUV
bathymetry (~1 m) cannot be regionally extrapo-
lated using only local in-situ observations. That is the
case for Fa3 regions, that we interpret as “talus”, as
observed at other submarine areas [e.g. West Mata,
Chadwick Jr. et al., 2019]. Here we make no distinc-
tion as to their origin (e.g. lava dome talus, rock-fall
talus, lava flow levee rubble) as they are found at the

base of cliffs, along sloping areas, or within chaotic
volcanic outcrops.

That is also the case for visual facies Fal and
Fa2, that are both composed of deposits that are
too fine to be associated to a specific sub-texture,
and hence all correspond to a smooth texture on
the bathymetry. At the Horseshoe area, visual facies
Fal and Fa2 correspond to fine and coarse clastic
deposits that can be interpreted as pyroclastic de-
posits (Berthod, Gurioli, Komorowski, MAYOBS 15
cruise unpublished report, https://doi.org/10.18142/
291). Such volcanic facies have already been ob-
served at other submarine settings [e.g. West Mata,
Chadwick Jr. et al., 2019; North Arch volcanic field,
Davis and Clague, 2006; Gakkel Ridge, Sohn et al.,
2008].

Hence, based on visual observations, preliminary
dredge results and on the morphological comparison
of the volcanic cones mapped at the Horseshoe area
combined with those observed at submarine volca-
noes elsewhere, we infer that some of the volcanic
cones that we observe are likely to result from explo-
sive activity. We also propose that the wide ridge WR1
might be the result of the combination of explosive
and effusive volcanic processes, as suggested by the
elevated morphology of the cones, the presence of
summit craters and the presence of several coalesced
cones. We thus interpret this ridge as the cumulative
result of the activity along an eruptive fissure.

The focus of our study, and the most striking
feature that we observe in the area is the Horse-
shoe edifice itself. We infer that this structure may
have been emplaced during a large explosive erup-
tion, based on its overall sub-circular shape at its
base (~4 km in diameter), with smooth and regu-
lar slopes (Figures 4, 6), similar to that of the other
volcanic cones mapped in the area. It is also con-
sistent with the presence of fine and coarse likely
pyroclastic deposits which are visible throughout
the study area, suggesting its formation as a large
tuff cone. The Horseshoe’s summit is now marked
by a clear U-shaped rim that shows strong variations
at very small scales. The western part of the rim is
characterized by a steep scarp clearly disrupting BT1
and indicating a collapse stage postdating the em-
placement of this BT1 unit. The morphology of the
southern part of the rim is different: the associated
slopes are much smoother and more gently dipping
than to the west of the rim. The kinked, eastern part
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of the Horseshoe’s rim shows steeper slopes but is
covered with narrow lava flows (NR 1-9). While this
part of the rim is also reminiscent of some type of
collapse processes, our interpretation is blinded by
new volcanic features that emplaced over the origi-
nal rim. We propose that the overall morphology of
the Horseshoe edifice could be the result of complex
vertical and/or lateral collapse processes, followed
by new constructional volcanism.

5.2. Relative chronology and geological history of
the Horseshoe area

Our multiscale study also provides preliminary con-
straints on the chronological evolution of the seafloor
morphologies and the interactions and timing of the
different volcano-tectonic processes identified. We
propose a simplified relative chronology of erup-
tive events, based solely on geomorphological cross-
cutting relationships (Figure 9). Other relevant mul-
tidisciplinary data (e.g., petrology, geochemistry, tex-
tural analysis of dredge samples) are currently the
scope of other projects and will be published in the
future. Here we discuss some of the main processes
that have recurrently shaped the formation and evo-
lution of the Horseshoe area within the East-Mayotte
Volcanic Chain (EMVC).

The first event we identify is the emplacement of
the Horseshoe edifice, one of the most prominent ge-
omorphological structures in the area on which other
features have subsequently developed (Figure 9a).
The geometry of the Horseshoe’s collapse scar and
the distribution of hummocky lava flows (bumpy ter-
rains), provide temporal constraints on their em-
placement. The westernmost hummocky lava flow
(BT1) is clearly cross-cut by the rim of the Horse-
shoe edifice (Figure 9b). This indicates that this lava
flow postdates the formation of the Horseshoe edi-
fice, emplaced on its flanks, but predates the Horse-
shoe’s collapse stage (Figure 9c). The northernmost
hummocky lava flow (BT5) was emplaced within the
Horseshoe’s depression, thus clearly postdating the
collapse stage (Figure 9d).

Subsequent volcanic features do not display clear
cross-cutting relationships and hence their subse-
quent relative history is not as well defined. In par-
ticular, it is not possible to clearly determine if
the Horseshoe edifice and all other seafloor fea-
tures are coeval or their emplacement postdated the

formation of the Horseshoe edifice. Hence, these are
grouped as part of a “recent eruptive zone” resulting
from a recent eruptive fissure (WR1) that likely em-
placed over older seafloor (Figure 9e). The volcanic
cones with morphological features that lack evidence
of erosion were emplaced on top or on a subparallel
alignment to this recent eruptive fissure (SC 1-SC 3).
The close association of these features suggests that
volcanic activity at local scales may be controlled by
larger scale pre-existing structures (e.g., faults, ring
faults of a possible older postulated caldera). The
other two volcanic cones (C1-C2) that are emplaced
west and within the Horseshoe edifice are aligned
with the recent eruptive fissure and imply a structural
control of the subseafloor pre-existing structures on
the emplacement of new volcanic material. Another
recent volcanic event is associated with the emplace-
ment of narrow lava flows mapped on the eastern rim
of the Horseshoe along the eruptive fissure (NR 1-9).
These features formed both within the Horseshoe’s
depression and on the outside along its eastern outer
flank. These lava flows are thus likely emplaced after
the collapse stage, as they appear to flow over mass-
wasted deposits.

Lastly, the massive volcanic outcrops mapped as
RR1-RR5 north of the Horseshoe’s floor have peculiar
morphologies and lack clear cross-cutting relation-
ships to provide clues regarding their timing. Given
the complex and chaotic structure of these outcrops,
it is possible that they formed at the time of the
Horseshoe collapse stage and might correspond to
outcrops of partially buried volcanic features. The
spur region (RR6), south of the Horseshoe could ei-
ther be: (a) a young lava dome that formed directly
after the collapse stage; (b) a lava dome or lava flow
emplaced later, after the collapse stage due to re-
sumption of eruptive activity within the depression;
or (c) pre-collapse older host-rock uplifted by magma
movement at shallow depth [Fouquet et al., 2018].

5.3. Implications for the recent seismo-volcanic
Crisis

The regional morphology of the eastern upper sub-
marine slope of Mayotte Island suggests that caldera
collapses may have occurred in the past in the
Horseshoe area. The area is located on the south-
ern boundary of what is believed to be the remnant
of former large caldera structure (~10 km wide)
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[Figures 1b and 2; Feuillet et al., 2021]. It also lies
directly above a major seismic swarm that was
recorded during the seismo-volcanic crisis and that
was likely associated with the drainage of a deep
magma reservoir that fed the recent Mayotte erup-
tion ~40 km to the east [Cesca et al., 2020, Lemoine
et al., 2020, Berthod et al., 2021a, Feuillet et al., 2021,
Jacques et al., 2021, Mercury et al., 2022].

While no sign of eruptive activity was detected
on the upper submarine slope since the subma-
rine eruption began in 2018, this study clearly shows
that the Horseshoe area has been volcanically ac-
tive in the recent past. Moreover, the multibeam
echosounder surveys have documented active fluid
emission sites throughout the area [Scalabrin et al. in
preparation; REVOSIMA, 2022]. These fluid emission
sites are located within and north of the Horseshoe’s
depression with an apparent progression of new
emission sites northwards, southwards and away
from the Horseshoe edifice itself [Bulletin 45 du 1
au 31 Aoiit 2022, REVOSIMA, 2022]. This supports
the idea that the Horseshoe area might be one vol-
canic field on the boundary of a larger scale volcano-
tectonic structure, reusing previous subvertical zones
of weakness as pathways for new volcanic and hy-
drothermal emissions.

While Mayotte’s eastern upper submarine slope
has not experienced any volcanic activity since 2018,
this area is important for understanding and fore-
casting the potential long-term evolution and conse-
quences of the current eruption. For example, a po-
tential future scenario could include a new caldera
collapse due to the drainage of the deep magma
reservoir beneath this area. Given the uncertainties,
the impacts of such a scenario are currently difficult
to quantify and are the subject of ongoing geological
scenarios elaboration and numerical modelling. Al-
ternative scenarios could involve renewed explosive
or effusive eruptive activity in the Horseshoe area
or even the reactivation of the magmatic plumbing
system that was responsible for Holocene explosive
subaerial volcanic activity on Petite-Terre and on the
north side of Grande-Terre on Mayotte.

6. Conclusions

This study of Mayotte’s eastern submarine slope aims
to characterize the types and chronology of previous
volcanic activity, the interactions between tectonic

and volcanic activity in the area, and the relation to
deep seismicity beneath it. This paper focuses on the
Horseshoe area, a submarine volcanic field located
~10 km east of Mayotte Island.

Using a multiscale high-resolution mapping ap-
proach, we discuss the nature of the observed vol-
canic features and propose a relative chronology of
eruptive events in the area. We identify different vol-
canic textures including volcanic cones, hummocky
terrains and lava flows. The observed morphologies
likely result from both effusive and explosive vol-
canic processes. The Horseshoe edifice is a 4 km wide
volcanic cone that underwent a major collapse, re-
sulting in the formation of a 2 km wide depression
opened to the north. Its collapse scar clearly cross-
cuts hummocky lava flows and shows the emplace-
ment of younger lava flows emanating from the rim.
The Horseshoe edifice likely predates the emplace-
ment of a prominent E-W trending volcanic fissure
zone, that is associated with a series of volcanic cones
that are also aligned E-W. The formation of this di-
verse set of volcanic features in the Horseshoe area
may be related to their location on the southern rim
of a proposed caldera structure. We plan on improv-
ing our understanding of the nature of the Horse-
shoe area through analyses of additional imagery and
through the correlation of this study with on-going
petrological and geochemical studies. A fuller under-
standing of the volcanic hazards that this area poses
will have to await until then, but for now, this study
has documented that the Horseshoe area has been
volcanically active in the recent past and has expe-
rienced both effusive and explosive eruptive activity.
Its location above the deep seismicity observed since
2018 suggests that the features that we have mapped
may be earlier deposits from the same deep mag-
matic system that fed the 2018 eruption at Mayotte.
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1. Introduction

On 10 May 2018, the seismic stations on the western
Indian Ocean recorded seismic activity that quickly
became an intense sequence, with hundreds of felt
earthquakes, including several events of magnitude
above 5.0 recorded by the international networks
[Cesca et al., 2020, Lemoine et al., 2020a, Bertil et al.,
2021]. This unusually deep (40 km) seismicity [Cesca
et al., 2020, Lemoine et al., 2020a] occurs in the
eastern part of the Comoros archipelago, east of
Mayotte, in a region not known previously for be-
ing seismically active [Figure 1; Bertil and Francois,
2016, Bertil et al., 2021]. The magnitude of the seis-
mic events and the duration of the sequence sur-
prised the population, the local authorities, and the
scientific community. Past volcanic episodes in the
Comoros archipelago, including Mayotte and off-
shore areas, remain poorly documented [e.g., Zinke
et al., 2003a,b, Michon, 2016, Famin et al., 2020],
except for the recent volcanic-related seismicity of
the Karthala volcano, on Grande Comore [Figures 1
and 2; Bachélery et al., 2016]. In 2019, one year af-
ter the beginning of the sequence, a new 820 m-high
volcanic edifice (called “NVE” in Feuillet et al. [2021])
and several subsequent lava flows, corresponding to
an estimated volume of 6.55 km?, were discovered on
the seafloor 50 km east of Mayotte [Figure 1c; Rinnert
et al., 2019, Feuillet et al., 2021, REVOSIMA, 2022].
This seismo-volcanic event is the largest and best-
monitored submarine eruption to date [Feuillet et al.,
2021].

The largest amount of seismic movement was re-
leased within the first two months of the sequence,
when the initial seismic monitoring network in-
cluded only a few stations in Mayotte, Grande Co-
more, Madagascar and a few further off (Figure 2).
Later, through collaborative work of the French sci-
entific community, several additional seismic sta-
tions were progressively installed on Mayotte Island
at the end of June 2018, at the end of August 2018,
and then in March 2019 (Figure 2b,c,d).

In addition, since the end of February 2019, the
deployment of a network of 4 to 16 ocean bot-
tom seismometers (OBS) on the seafloor east of
Mayotte have been providing better constraints
of the seismicity and seismogenic structures [Rin-
nert et al.,, 2019, Feuillet et al., 2021, REVOSIMA,
2022, Saurel et al., 2022]. For the first year of the

sequence, from May 2018 to February 2019, the ge-
odetic and seismic monitoring has been crucial to
understand the processes involved at the onset of
this magmatic/volcanic activity, and the building
of such an exceptional volcanic edifice [Lemoine
et al., 2020a]. Several scenarios are proposed to out-
line the timeline of magma ascent, based on geo-
physical and petrological data [Cesca et al., 2020,
Lemoine et al., 2020a, Feuillet et al., 2021, Berthod
et al.,, 2021a]. In May 2018, the first cluster of seis-
micity extended southeast, then a swift upward mi-
gration started in early June, going from a depth
of 40 km up to the surface within a month. The
seismicity highlights the propagation of magma
through the lithosphere, from a deep and excep-
tionally large reservoir up to the seafloor, until the
eruption that started between 28 June and 5 July
2018 [Cesca et al., 2020, Lemoine et al., 2020a]. In
July 2018, a second cluster progressively appeared,
closer to Mayotte, along with intense, very-long-
period seismicity (VLP) at more shallow levels [Poli
et al., 2019, Satriano et al., 2019, Cesca et al., 2020,
Lemoine et al., 2020a, Feuillet et al., 2021, Laurent
et al., 2021]. Those two clusters are still active as
of October 2022 [REVOSIMA, 2022]. We refer to
them as the proximal and distal clusters, relative to
Mayotte, following Saurel et al. [2022] (Figures lc
and 3).

The analysis of the seismicity of the first year is
challenging due to the poor initial quality of the
monitoring network. Therefore, we integrate com-
plementary phases that have been manually picked
at a few seismic stations not included in the ini-
tial monitoring network, to better specify the loca-
tions of the earthquakes over the first ten months
of seismicity near Mayotte and to help complete the
catalog. We estimate the instrumental bias due to
both the network scarcity and geometry, by com-
paring our locations to those obtained using the
subsequent improved monitoring network, includ-
ing OBS and more inland stations from March 2019.
We then relocate 77% of this catalog using a double-
difference algorithm to image the seismogenic struc-
tures more precisely. Based on this new catalog, we
describe the various phases of the rapidly evolv-
ing seismicity. Finally, in the light of already pub-
lished work, we propose a synthetic scenario of the
first ten months of the seismo-volcanic sequence
of Mayotte.
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Figure 1. Regional historical and instrumental seismicity over the period 1900 to 2020 across the Mozam-
bique channel and the Comoros, and surrounding areas [Bertil et al., 2021]. Black lines are plate bound-
aries [modified from Stamps et al., 2018]. (a, b) Bathymetry from GEBCO 2014 [Weatherall et al., 2015].
(c) Compilation from Lemoine et al. [2020b] including HOMONIM data [SHOM, 2015] and MAYOBS data
[Feuillet et al., 2021]. Red triangle in (c) indicates the position of the Fani Maoré volcano. All figures have

been done using GMT 5 [Wessel et al., 2013].

2. Geodynamic and seismo-tectonic context of
Mayotte

2.1. Tectonic and magmatic activity in the Co-
moros archipelago

The four major volcanic islands of the Comoros
archipelago are Grande Comore, Moheli, Anjouan,
and Mayotte from west to east (Figure 1b). Sev-
eral marine surveys reveal recent volcanic and tec-
tonic features northward of the archipelago [e.g.,
N’Droundé and Mwezi fields, Thinon et al., 2022] as
well as numerous individual structures [Figure 1b,
Audru et al., 2006, Tzevahirtzian et al., 2021, Thinon
et al., 2022]. Submarine volcanic ridges connect the
four islands [Tzevahirtzian et al., 2021, Thinon et al.,
2022]. Major submarine volcano-tectonic structures
follow an east-west alignment between Mayotte
and the northern part of Madagascar, namely the

Jumelles, Geyser, Zélée, and Leven banks. Mayotte
is mainly composed of one major island (Grande
Terre) and a smaller island to the east (Petite Terre).
From Petite Terre, a 50 km long, WNW-ESE volcanic
chain is observed on the seafloor, divided into two
segments: a western part on the island slope, and an
eastern N130°E part mainly composed of what are
probably monogenetic cones, up to 500 m high and
2 km wide [Figure 1c; Rinnert et al., 2019, Feuillet
etal., 2021, Tzevahirtzian et al., 2021].

Before the ongoing eruption of Mayotte, the ac-
tive volcanism in the Comoros archipelago was lim-
ited to the Karthala volcano, in Grande Comore. The
Karthala is one of the world’s largest active alkaline
basalt shield volcanoes, with almost 20 eruptive se-
quences within the last century [Bacheélery et al.,
2016]. The last eruptive sequence, between 2005 and
2007, resulted in the installation of four broadband



108 Nicolas Mercury et al.

38" 40" 42°

4 ) NABPD,
‘Madagascar

-12.6

-13.0
-12.6

-12.8

-13.0
45.0 454 45.6 45.8
e) M real-time acquisition manual download M no clock WOut of service
N7
N1 Na N3y N7 N2 N8 N3

SBV

MDZA

MCHI

YTMZ

RAE55

MILA
) ; , :

300 o
€ 20 . : ]
g ke = g 0O N ) R o . o ‘—_go . :
= 00 o o o o o % . eeo ° &
2 @0y cmoned o ‘& - . — e X
£ o ©® O @@ 0 (® 0w@oodNo ® © 06 GFHWo @ PDO WP oo 0p
E o0 ool
2 o °0O

Phase 1 Phase|2 Phase 3 Phase 4 Phase 5 3[,5 f, 465 (5) 8 M
0

May 18 June 18 July 18 August 18 September 18

October 18 November 18 December 18 January 19 February 19

Figure 2. (a) Regional seismic stations network. (b) Karthala broadband station network. (c, d) Inland
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Network geometries N1 to N8 are indicated (see Supplementary document 1). Vertical red and green
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seismic stations in 2017 to better estimate the vol-
cano hazard. In Mayotte, no active volcanism has
been reported prior to the submarine eruption that
started in 2018. The southern part of the island is
composed of an old volcanic complex, emplaced

from 10 Ma to 1.95 Ma. A second phase of volcan-
ism built the northern part of the island, between
8 Ma and 3.8 Ma. Then recent volcanism formed the
northeastern part, from 4.4 Ma to 0.15 Ma, with more
recent activity that shaped the cones of Petite Terre
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[Nougier et al., 1983, Zinke et al., 2003a,b, Debeuf,
2009, Nehlig et al., 2013, Michon, 2016].

Although the timing of the formation of the
Comoros archipelago is still under debate [e.g.,
Quidelleur et al., 2022], it is suggested that the
volcanism of Mayotte is the oldest [ca 20 Ma in
Michon, 2016; ca. 26-27 Ma in Masquelet et al.,
2022], whereas volcanism in Anjouan, Moheli, and
Grande Comore started later at c.a. 10 Ma [Michon,
2016]. Therefore, there is no simple decrease or in-
crease of the age of volcanism along the Comoros
archipelago, as expected in the case of hotspot-
related intraplate volcanism. The link between
tectonic deformation and volcanic development
is under study [Michon, 2016, Famin et al., 2020,

Feuillet et al., 2021, Boymond et al., 2022, Thinon
et al., 2022], this issue. Geological, geochronolog-
ical, geomorphological and geophysical datasets
tend to confirm the hypothesis of a strong mag-
matic supply reaching the surface through frac-
tures induced by lithospheric deformation [Michon,
2016, Tzevahirtzian et al., 2021, Famin et al., 2020,
Feuillet et al., 2021, Thinon et al., 2022]. The geo-
dynamical context of the east-west trending Co-
moros archipelago, linking the south-eastern tip of
the East African rift to the Madagascar graben sys-
tem [Figure la; e.g., Feuillet et al., 2021], suggests an
immature boundary between the tectonic plates of
Lwandle and Somalia [Stamps et al., 2018, 2021,
Famin et al., 2020, Figure la]. Strain from plate
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tectonics may thus play a role in the origin of the
volcanism [Michon, 2016, Famin et al., 2020], in ad-
dition to the influence of inherited structures from
old oceanic fabric, and of regional mantle dynamics
[Thinon et al., 2022].

2.2. Past seismic activity along the Comoros
archipelago

The Comoros archipelago is considered an area of
moderate seismicity [Bertil and Francois, 2016]. The
poorly developed monitoring seismic network in the
area prevents an exhaustive analysis of the small and
moderate magnitude seismicity. According to a re-
cent 120-year compilation of regional seismicity in
the North Mozambique channel (1900-2021), most
of the earthquakes are concentrated offshore, along
the north-south Davie oceanic ridge, and along the
east-west trending Comoros archipelago [Figure 1;
Bertil et al., 2021]. This regional catalog includes 10
events of magnitude above 5.0, five of them being lo-
cated around Mayotte [Bertil et al., 2021]. Further-
more, over the previous three centuries, 17th to 19th,
only four earthquakes, causing moderate damages
on the island, remain in the collective memory of
Mayotte [Hachim, 2004, Sira et al., 2018].

2.3. The recent Mayotte seismo-volcanic se-
quence

The Mayotte seismic activity started abruptly, un-
expectedly, and with intense swarms. Several dozen
low to moderate earthquakes occurred daily, and
about 280 of them were likely felt during the first two
months [according to Peak Ground Acceleration cri-
teria PGA = 0.01 m-s~2 on the YTMZ station, Bertil
and Hoste-Colomer, 2020]. Quick volunteer response
teams organized to estimate the number of events,
located the strong magnitude earthquakes, and de-
veloped a monitoring network [Sira et al., 2018, Bertil
et al,, 2019, Lemoine et al., 2020a]. The existing geo-
detic stations network and InSAR data indicate sub-
sidence and eastward displacement of the island of
Mayotte from early July 2018 [Lemoine et al., 2020a].

Given the knowledge of present and past seismic-
ity in the region [Bertil et al., 2021], the pattern of
seismicity that occurred east of Mayotte is unprece-
dented, in light of recorded time sequence data,
considering the number and magnitudes of reported

seismic events. However, the monogenic volcanoes
and more complex submarine systems similar to the
NVE covering the seafloor may indicate the previous
occurrence of similar episodes [Feuillet et al., 2021,
Tzevahirtzian et al., 2021, Thinon et al., 2022].

This seismic activity starts suddenly on 10 May
2018. First seismological catalogs show thousands of
events occurring within a year, up to Mw 5.9. The ma-
jority of the seismic energy is released during the first
six weeks of activity [Cesca et al., 2020, Lemoine et al.,
2020a]. This seismicity starts as a swarm 40 km east of
Mayotte and around 30-40 km deep, hence below the
Moho, estimated to be around 17 km [Jacques et al.,
2019, Dofal et al., 2021]. From there, the local and
regional networks record a migration of earthquakes
southeastwards and upwards, interpreted as magma
migration from a deep large reservoir (>10 km?) to
the surface [Cesca et al., 2020, Lemoine et al., 2020a,
Berthod et al.,, 2021a]. Seafloor eruption is thought
to have started between late June and early July of
2018, hence seven weeks after the onset of the seis-
mic activity, as attested by the beginning of a no-
ticeable deflation signal observed on GNSS stations,
along with relative seismic quiescence [Cesca et al.,
2020, Lemoine et al., 2020a, Berthod et al., 2021a].
The deep seismicity has remained active since the
beginning of the eruption. Oddly intense, monochro-
matic VLP events were recorded in June 2018 [Lau-
rent et al., 2021], as well as the onset of a second
seismic cluster, in July 2018, 10-20 km east of May-
otte [Lemoine et al., 2020a]. Since then, the two deep
swarms have remained active; the second has sur-
passed the first in terms of seismicity rate [Lemoine
et al.,, 2020a, Feuillet et al., 2021, Lavayssiére et al.,
2022, REVOSIMA, 2022, Saurel et al., 2022]. The seis-
mic sequence is still ongoing in November 2022, with
low activity relative to the initial months [REVOSIMA,
2022, Lavayssiere et al., 2022, Saurel et al., 2022].

Marine surveys identified the NVE southeastward
in the prolongation of the eastward trending May-
otte volcanic chain. This 820 m tall, 5.0 + 0.3 km?®
volcanic edifice, now officially called “Fani Maoré”,
built in one year of eruption [Rinnert et al., 2019,
Feuillet et al., 2021], is interpreted as evidence of
the damping of a deep and exceptionally large reser-
voir. This is supported by the large GPS surface dis-
placements, implying a barycenter of deformation
located 40 km eastward of Mayotte and 30 km deep
[Lemoine et al., 2020a; see also Peltier et al., 2022].
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Tomography, petrological studies, and precise relo-
cations of events since March 2019 highlight several
volcanic and seismic structures, such as intermediate
and deep reservoirs around the seismic swarms (Fig-
ure 11), as well as complex magmatic interactions be-
tween deep reservoirs and the surface [Berthod et al.,
2021a,b, Foix et al., 2021, Lavayssiere et al., 2022,
Masquelet et al., 2022].

3. Data and methods

3.1. Seismic network evolution and data avail-
ability

In order to build the catalog for the first ten months
of the Mayotte seismic sequence (Figure 3; Table S1),
we first estimated the amount of detected seismic
events by performing a STA/LTA method on the ver-
tical component of station YTMZ (Figure 4a and Fig-
ure S1). Due to the high level of noise in the sig-
nals of this continuous strong-motion station, we ap-
plied a Butterworth filter between 1.5 and 15 Hz.
Then we selected only events with a STA/LTA ratio
above 6.0 and a peak-to-peak amplitude of more than
200 counts. Those parameters reduced the detections
of non-seismic sources, such as those of the May-
otte background noise, but likely of small seismic
events too. Then, we considered two distinct time pe-
riods characterized by different monitoring seismic
networks.

For the first four months of the sequence from
10 May to 31 August 2018, we completed the ini-
tial catalog of Lemoine et al. [2020a]. In addition
to the regional stations (Figure 2a) in Madagascar
(GE.SBV, II.ABPO, GE.VOI), Kenya (GE.KIBK), and
sparse data from Grande Comore (KA.SBC, KA.CAB,
KA.MOIN, Figure 2b), we used additional data from
stations located in Seychelles (I.LMSEY), La Réunion
(G.RER), Madagascar (G.FOMA), and Grande Co-
more (KA.DEMB). Furthermore, we completed the
dataset with GE.SBV signals from May and June 2018,
and added missing data from the Grande Comore
network (the whole month of May, and short time in-
tervals between June and August 2018). During peri-
ods not covered by the GE.SBV station located to the
east, we only analyzed events with a well-identified
P phase at II.ABPO, to reduce the azimuthal gap. For
the local network, since Lemoine et al. [2020a] had
integrated MDZA signals only for magnitude M > 4.0
events, we enriched the dataset with MDZA signals

for smaller events (Figure 2). The local Mayotte net-
work has developed from one to five available sta-
tions between May 2018 and February 2019 (see Sup-
plementary Material, Table 1, Figure 2). The pick-
ing of the P and S phases was done manually on
the continuous signals, using the Seiscomp software
[Helmholtz-Centre Potsdam - GFZ German Research
Centre for Geosciences and GEMPA GmbH, 2008].
We also checked the previously picked phases from
the Lemoine et al. [2020a] catalog and searched for
new small events, not previously detected.

From 1 September 2018 to 24 February 2019,
events were directly extracted from the database used
in Lemoine et al. [2020a] and Bertil et al. [2021], using
the stations previously cited. We reviewed and im-
proved the location of more than a hundred earth-
quakes.

3.2. Absolute locations

Event absolute locations were processed using the
HYPO71 algorithm [Lee and Lahr, 1972, Lee, 1975].
The computer version of HYPO71 [Lee and Valdes,
1985] uses P and S time arrivals to estimate hypocen-
ter locations and magnitude (MLv) for local earth-
quakes. We used a slightly modified version of the
1D five-layer regional velocity model from Lemoine
et al. [2020a], with a regional V,/ V; value of 1.74 (Ta-
ble 2). More recent local velocity models were pro-
posed based on the seismic data acquired since the
installation of OBS around the Mayotte active zone,
using lower and local V,/Vs values [1.66 in Dofal
et al., 2021; around 1.6 in Foix et al., 2021, Saurel
et al., 2022, Lavayssiére et al., 2022]. However, for
earthquake locations, the regional model was more
suitable with our network configuration, which in-
cluded stations beyond 200 km of Mayotte, and no
OBS above the active zone. Locations were retained if
there were at least eight picked phases on a minimum
of four seismic stations, including one in Grande Co-
more and one in Madagascar.

We compared our MLv estimates with mo-
ment magnitudes (Mw) ranging from 4.8 to 5.9
for the 26 Mayotte events located by GCMT
(Global Centroid Moment Tensor Project, https:
/Iwww.globalcmt.org). The magnitude difference
(MLv-Mw) varied between —0.1 and +0.7, with a
mean difference of 0.1. In order to estimate a seismic
moment [MO, Aki and Richards, 2002], even for
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Table 1. List of local and regional stations

Station® Longitude Latitude Start End Type®  Min. distance to Mayotte
seismic area (km)
RAMDZA 45.26°E  12.78°S June 2016 February 2019  Acc 3
AM.RCBFO 45.27°E  12.80°S 15 June 2018 July 2018 RaspB 3
1T.PMZI  45.27°E  12.80°S March 2019 — BB (HH) 3
RAYTMZ 45.23°E  12.76°S July 2015 — Acc 8
AM.RAE55 45.20°E  12.73°S 15 June 2018 — RaspB 12
RAMILA  45.19°E  12.85°S June 2016 — Acc 14
ED.MCHI  45.12°E  12.83°S 18 June 2018 — BB (BH) 20
ITMTSB  45.08°E  12.68°S March 2019 — BB (HH) 28
QM.KNKL 45.10°E  12.96°S March 2019 — BB (HH) 29
KA.MOIN  43.24°E  11.77°S 2017 — BB (HH) 250
KA.SBC 43.30°E  11.65°S 2017 — BB (HH) 250
KA.CAB 43.34°E  11.75°S 2017 — BB (HH) 250
KA.DEMB 43.41°E  11.88°S 2017 — BB (HH) 250
QM.GGLO 47.29°E  11.58°S March 2019 — BB (HH) 250
GE.SBV ~ 49.92°E  13.46°S 2009 — BB (HH) 450
IILABPO  47.23°E  19.02°S 4 March 2007 — BB (HH) 700
GE.VOI 46.71°E  22.03°S 2009 — BB (HH) 1000
GFOMA  46.98°E  24.98°S 1 September 2008 — BB (HH) >1000
GEKIBK  38.04°E  2.36°S 2011 — BB (HH) >1000
ILMSEY  5548°E  4.67°S 1995 — BB (HH) >1000
G.RER 55.74°E  21.17°S 10 Feb 1986 — BB (HH) >1000

aStations come from the following networks: AM: Raspberry Shakes: doi:10.7914/SN/AM; ED: http://
www.edusismo.org/; G: Geoscope: doi:10.18715/GEOSCOPE.G; GE: GEOFON: doi:10.14470/TR560404;
II: Global Seismic Network IRIS-IDA: doi:10.7914/SN/II; KA: Observatoire Volcanologique du Karthala:
http://volcano.ipgp.jussieu.fr/karthala/stationkar.html; RA: RESIF-RAP french accelerometric network:
doi:10.15778/RESIERA, 1T: Temporal seismological network of Mayotte: doi:10.15778/resif.1t2018, QM:
Comoros archipelago seismic and volcanic network: doi:10.18715/MAYOTTE.QM.

bstation types: Acc = accelerometer, BB (HH) broadband 0-100 Hz, BB (BH) broadband (0-50 Hz), RaspB:

Raspberry Shakes.

smaller magnitudes (Mw < 4.8), we considered at
first order that MLv is equivalent to the moment
magnitude Mw.

The magnitude of completeness (Mc) evolved
with time, as it depended on the quality of the
network. Estimated to 3.5 at the onset of the se-
quence, it slightly increased to 3.7 when the GE.SBV
station was down between mid-June and mid-July
2018. Since the improvement of the Mayotte net-
work in September 2018, Mc was estimated to 3.2
(Figure 4c).

We determined b-values by calculating a power-
law least-square fit to the magnitude-frequency dis-
tribution limited to the magnitudes above the esti-
mated Mc [Richter, 1935, Ichimoto and Iida, 1939,
Gutenberg and Richter, 1942; Table 3, Figure 4c].

3.3. Uncertainties and estimation of the location
reliability

The HYPO71 algorithm provided uncertainties for
the hypocentral locations [Lee and Valdes, 1985]. The


https://doi.org/10.7914/SN/AM
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Table 2. 1D velocity model used for the loca-
tion process

Depth (km) V), (km/s)
Layer 1 0-3 3.5
Layer 2 3-8 5.1
Layer 3 8-15 6.7
Layer 4 15-60 8.1
Layer 5 >60 8.15

V! Vs ratio is fixed at 1.74.

mean uncertainties of the horizontal and vertical
locations for the whole catalog were estimated to be
2.3 and 3.2 km, respectively. The mean RMS value
was 0.41 s. Because most of the stations of the ini-
tial network in Grande Comore and Mayotte were lo-
cated west of the seismic area, epicentral location ac-
curacies were highly dependent on the signals from
the stations GE.SBV to the east, and/or II.ABPO to
the southeast (Figure 2a). The average azimuthal gap
was 161° with at least one of these stations. The lack
of picks in the signals recorded at GE.SBV (Figure 2a)
increased the azimuthal gap to 223° (Figure 2f), and
uncertainties on earthquake locations along the hor-
izontal and vertical axis up to 4.0 km and 3.8 km, re-
spectively. This was the case mainly for the two peri-
ods between 14 June and 14 July 2018 and between 22
and 28 August 2018. Furthermore, the improvement
of the Mayotte network with three additional stations
at the end of June 2018 (Figure 2d—e) reduced uncer-
tainties by almost 50% on the horizontal axis and by
25% along the vertical axis.

Some calculated uncertainties could be artificially
low due to the small number of phases for numer-
ous small earthquakes. Hence, we tested the relia-
bility of our locations and evaluated possible bias
within the absolute epicentral positions. To do so,
we compared our location procedure performance
on a selection of 118 events located using the local
OBS and inland stations and a local velocity model
[Saurel et al., 2022]. These earthquakes, occurring be-
tween May and December 2019, were relocated us-
ing different network geometries, corresponding to
the network evolution during the period of our cat-
alog (Figure 2 and Figure S2). We used the regional
velocity model of this work and the database of P and
S pickings [Lemoine et al., 2020a, Bertil et al., 2021].
The results were compared to the well-constrained

hypocentral locations of the corresponding events
from Saurel et al. [2022] (Figure S2). Despite the chal-
lenging geometry of the onshore network, uncertain-
ties are similar for both catalogs, remaining below
5 km along horizontal and vertical axes for most of
the events. However, there is a mean horizontal shift
of around 4.1 km and 5.5 km westward of our lo-
cations for the proximal and distal clusters, respec-
tively, compared to a network including OBS stations
above the seismic area, as well as an upward shift of
around 4 km of our locations for the proximal cluster
[similar results in Aiken et al., 2021].

3.4. Double-difference relocations

To further improve the locations of the events, we
used the HypoDD computer program [Waldhauser,
2001], which is a double difference earthquake lo-
cation algorithm [Waldhauser and Ellsworth, 2000]:
through a least-square procedure, events are rela-
tively relocated by evaluating similarities between
pairs of hypocenters. Relocation with HypoDD was
applied to the 2395 earthquakes with data at GE.SBV
because solutions are unstable without data from
this station. HypoDD relocations did not change the
absolute positions of the swarms, but improved the
locations of the events inside the swarms, signifi-
cantly decreasing the horizontal (in particular the lat-
itude) and vertical dispersion of the locations. Then,
we controlled the HypoDD relocations using the S-P
values at YTMZ (Figure 4d). Some events appeared to
be located in the distal cluster when they had a low
S-P value, or in the proximal cluster when they had
a high S-P value. Thus, for those 184 events, we kept
the Hypo71 location.

4. The 10 first months of the Mayotte seismo-
volcanic sequence

The resulting catalog extends from 10 May 2018 to 24
February 2019 (Figure 3; Table S1). It contains 2874
localized earthquakes with a mean of 12 P and S
phases per event, counting 43000 manually picked
P and S phases: 2211 of these events (77% of the
catalog) have a HypoDD relocation.

4.1. Before 10 May 2018

No significant seismic activity was reported in the
area under study before the onset of the Mayotte
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Table 3. b-value as a function of phases and location

All data Proximal cluster Distal cluster
All phases 1.06 1.60 0.96
Phase 1 0.91 - 0.91
10 May-08 June 2018
Phase 2 0.91 - 0.91
9 June-7 July 2018
Phase 3 1.692 >1.6% 1.642
8 July-17 August 2018
Phase 4 1.33 1.498 1.482
18 August-30 September APP =1.34-1.41
2018 not APP = 1.69
Phase 5 1.67 1.77 1.072
1 October 2018-24
February 2019

4Calculated with less than 100 events above the magnitude of completeness.

seismic sequence, despite the installation of the
first stations in Mayotte in 2016 [Bertil et al., 2021].
For confirmation we carefully inspected the seismic
records of the stations in Mayotte and the whole re-
gion (Figure S2), from 1 January to 10 May 2018: no
earthquake with S-P values typical of the Mayotte
swarms [between 3.5 and 6.5 s] was identified.

4.2. Two clusters of focused seismic activity, east
of Mayotte Island

All the epicenters of our catalog are located between
the coasts of Mayotte to 60 km eastward (Figure 3).
The epicentral distribution of the seismicity reveals
two distinct seismic clusters, spatially separated by
an aseismic zone centered around longitude 45.48°E
[Cesca et al., 2020, Lemoine et al., 2020a, Feuillet
et al., 2021]. The hypocenter depths range between 0
and 50 km, with 90% of them between 25 and 45 km.
Overall, the magnitude (Mlv) of the events in our
catalog ranges from 2.4 up to 6.0 (Table S1; Figure 4c).

The distal cluster (Figure 3b-e) is located 20 km
further east of Petite Terre (Mayotte, Figure 1b),
below the eastern N130°E Mayotte volcanic chain
[Feuillet et al., 2021, Lavayssiere et al., 2022], and
nearly extends below Fani Maoré. It is composed of
ashort 10 km-long E-W segment and a longer 30 km-
long NW-SE segment. Most of the earthquakes occur
between 25 and 45 km depth, however an upward mi-
gration on the eastern segment and a more super-
ficial seismicity (above 15 km depth) is visible dur-

ing the first two months of the sequence (May-June
2018), as well as a deeper swarm in September 2018
centered around 45 km depth.

The proximal cluster (Figure 3a,b,d) is located be-
tween 6 and 20 km east of Petite-Terre (Mayotte). It is
more circular in shape, centered on 45.4°E, 12.75°S,
below the western and shallower part of the May-
otte volcanic chain [Tzevahirtzian et al., 2021, Feuillet
etal., 2021]. Most of the seismicity is located between
25 and 45 km depth, however seismic activity is iden-
tified between 4 and 24 km at the end of August 2018
(Figure 4c-g).

In addition to their location, these two clusters dif-
fer from each other in seismicity (Figure 4). The dis-
tal cluster includes the strongest earthquakes, con-
centrating 45 of the 47 Mlv = 5.0 events and more
than 80% of the earthquakes above magnitude 4.0.
The proximal cluster includes far more small earth-
quakes. Calculated from the magnitude-frequency
distribution [Richter, 1935, Ichimoto and Iida, 1939,
Gutenberg and Richter, 1942], b-values are also dif-
ferent: whereas the b-value of the proximal cluster is
1.60, typical of volcanic environments, the estimated
b-value of the distal cluster is 0.96, corresponding to
amore tectonic context [Figure 4c; Table 3; Chiba and
Shimizu, 2018].

4.3. Phase descriptions

Our catalog of the first ten months of the May-
otte seismic sequence with improved locations con-
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firms the previously described clusters and allows a
spatio-temporal study of its onset. We identify five
distinct phases (Figure 4), based on several criteria,
such as the daily number of detected and located
earthquakes (Figure 4a,b), the time evolution of the
magnitudes (Figure 4c), the S-P value at YTMZ (Fig-
ure 4d), the position of the events (longitude, lati-
tude, depth; Figure 4e—g), and the b-value (Figure 4c;
Table 3).

4.3.1. Phase 1: 10 May to 8 June 2018

Phase 1 is characterized by the highest seismic-
ity rate of the whole Mayotte seismic sequence, and
the occurrence of numerous large earthquakes (Fig-
ures 4 and 5). We detect more than 3500 events and
locate 950 events that occurred over 30 days within
the distal cluster. This corresponds to an average of
32 earthquakes and 110 detections per day, with a few
days peaking at 80 events and 300 detections. 80%
of the events with Mlv = 4.5 belong to Phase 1 (Fig-
ures 4a—c and 6a-c). In addition, most of the large
earthquakes of the catalog occur during this phase,
including 38 events (out of 47) with Mlv = 5.0, and
7 events (out of 8) with Mlv = 5.5. The maximum Mlv
magnitude reaches 6.0. The b-value is 0.91 (Figure 4c;
Table 3).

Throughout Phase 1, we observe a mean S-P val-
ues increase from 5.0 s to 6.0 s (Figures 4d and 6d),
coeval with the variations of longitude, latitude and
depth (Figures 4e-g, 5, and 6e-g). The epicenters are
concentrated within a 190 km? seismic zone, migrat-
ing to the east the first week, then southeast the third
week, and finally south and upward the last week of
Phase 1, i.e.,, away from Mayotte and closer to the
Fani Maoré volcano (Figures 5 and 6).

The hypocenters occur at a wide range of depths
(Figures 4g, 5c—e, and 6g), with the majority of them
located at a depth ranging between 30 km and 40 km.
Throughout Phase 1, all the events are deeper than
20 km, except for about 70 events that have no stable
relocation with HypoDD. They are most likely deeper
since the hypocenters of events equivalent in magni-
tude and S-P values on YTMZ, and relocated with Hy-
poDD, are between 30 and 40 km. Hence, we believe
that this superficial seismicity is an artifact due to the
sparse monitoring network.

During Phase 1, the seismicity is characterized by
multiple earthquakes that occur in distinct series,
each of a few hours duration. We identify 35 pulses as

short sequences of eight or more earthquakes, sep-
arated by less than an hour from previous and sub-
sequent earthquakes (Figure 6). Most of these pulses
(30) are within Phase 1, on average one per day.

The evolution of the seismicity during Phase 1
follows four steps:

e During the first week (10-17 May 2018), the
255 located earthquakes migrate eastward.
The Mayotte seismicity starts in a small area,
30 km east of Mayotte, 5 km west of longitude
45.5°E and at depths between 30 and 40 km,
between the future positions of the proxi-
mal and distal clusters (Figures 4e and 6e).
This area has never been active since. These
earthquakes consist of Mlv < 4.4 events that
rapidly migrate around 5 km eastward on
10 May. Following a Mlv 5.2 event on 13
May, they migrate 5 km further eastward, so
that most of the seismicity on 14 May is lo-
cated on average near longitude 45.55°E (Fig-
ures 4e, 5, and 6e). The S-P values increase
continuously from 5.0 s to 6.0 s, together with
the longitude until 17 May. On 15 May at
15:48 UTC, the Mwb5.9 (MLv 6.0) earthquake
occurs near the deepest part of the distal
cluster, at around 40 km depth, followed by
an overall upward migration of 7 + 1 km until
17 May.

» The second week has a lower activity (18-24
May 2018), with only 140 located events. The
seismicity remains focused where it was at
the beginning of 15 May, without significant
longitudinal or depth changes.

e The third week, an important pulse on 25
May marks the beginning of a 7+ 1 km migra-
tion to the east and south, while the depths
range between 30 and 40 km, until 1 June. We
locate 260 events within this week.

¢ The most important pulse, on 1 June, in-
cludes 49 earthquakes. Over the next few
days (fourth week), until the end of Phase 1,
the seismicity goes 10 km south, and up-
ward between depths of 25 and 35 km. With
295 located events and one third of the
earthquakes with Mlv = 5.0 of the Mayotte
sequence, this week is the most intense of
the whole Mayotte sequence (as of Novem-
ber 2022).
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Figure 5. Phase 1 (10 May-8 June 2018) hypocentral locations on map and sections (legend details

provided in Figure 3).

4.3.2. Phase2: 9 Juneto 7 July 2018

The beginning of Phase 2 on 9 June is marked by
an abrupt drop of the seismicity rate from an aver-
age of 32 events per day for Phase 1 to an average
of 4 events per day, lasting until 7 July 2018 (Fig-
ures 4b and 6b). All the events located during this
phase are within the distal cluster (Figure 7). Phase
2 contains two thirds of the Mlv = 4.5 events of the
catalog that do not occur during Phase 1 (Figure 4c).
Seven Mlv = 5.0 events and one up to Mlv = 5.6 oc-
cur, despite an overall decrease in magnitudes (Fig-
ures 4c and 6¢). The b-value of Phase 2 is equal to
0.91, similar to the b-value of Phase 1 (Figure 4c;
Table 3).

Regarding the largest events (Mlv > 4.7), 83% of
them are located in the southeastern part of the dis-
tal cluster, i.e., closer to the Fani Maoré volcano, with
one half deeper than 30 km and a second half be-
tween 0 and 15 km, i.e., shallow depths never found
afterwards in the distal cluster. Note that those strong

events are more precisely located thanks to the picks
on the most distant stations (farther than 800 km, Ta-
ble 1, Figure 2a). Moreover, even if most of the shal-
low earthquakes are located with Hypo71 and with
more uncertainty due to a less than ideal network
configuration, one event is relocated at 8.8 km with
HypoDD. Hence, the shallow seismicity is confirmed
by HypoDD relocations, as well as by the GCMT in-
ternational catalog [Dziewonski et al., 1981, Ekstrom
et al., 2012] for the largest events, and full waveform
moment tensor inversion and depth phase analysis
[Cesca et al., 2020].

Phase 2 is characterized by the largest scattering
of seismicity, depicted by the longitude and latitude
values, which extends over 45 km and 35 km, re-
spectively. The spatial extent of the activated area
is nearly 1600 km? (Figure 4e,f). We note that most
of Phase 2 corresponds to the period without data
on station GE.SBV (Figure 4), therefore the resulting
locations are less constrained during this phase and
must be regarded with caution. We cannot decide
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vided in Figure 3).

which of the events located with Hypo71 are well
located, considering the sparse locations on the N7
distribution of our reliability test (Figure S2g-h).
However, the large range of S-P values (>5.0 s) inde-
pendent of the location estimates confirms a wider
spatial distribution of the hypocentral locations
(Figures 4d and 6). More specifically, one feature of
Phase 2 is the regular occurrence of seismic events
with S-P values on YTMZ station above 6.5 s, and up
to 8 s, consistent with locations east of 45.7°E, hence
beyond 45 km east of Mayotte (values never found
afterwards). Phase 2 includes the easternmost events
of the sequence, and a southeastward migration is
highlighted by the few earthquakes relocated with
HypoDD.

With the previously described criteria, three
pulses of activity are identified during Phase 2: 19
June, 23 June and 3 July (Figures 6 and 7). The first
two pulses occur on the southeasternmost tip of the
distal cluster. The later pulse occurs in the center of
the distal cluster. However, the seismicity spreads
eastward and upward during this phase, a lower,

more focused seismicity remains on the western side
of the distal cluster.

At the very beginning of Phase 2, we identify a pe-
riod without seismicity on 9 June from 04:00 UTC to
22:30 UTC. After this quiet period, the events occur
10 km more east than before this period (Figure 6e).
The early seismicity on 10 June is focused on the
southeasternmost part of the distal cluster, mainly
at depths around 40 km. Phase 2 starts with two
consecutive series of successive earthquakes with
rapidly increasing S-P values, on 10 and 12 June 2018
(Figure 6).

4.3.3. Phase 3: 8 July to 17 August 2018

From 8 July, the seismicity rate drops and re-
mains at the lowest level over the whole period of
the catalog, with an average of two events per day,
without any pulse of activity (Figure 4b). Within
the magnitude range that goes up to 4.4, only two
Mlv > 4.0 events are recorded during this phase
(Figure 4c).
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Most of the localized earthquakes of Phase 3
(84%) are located within the distal cluster (Figure 8).
However, the seismicity of the southernmost and
easternmost parts of the distal cluster is very low.
Most of the epicenters are spread between 45.5°E
and 45.6°E in longitude, and 12.75°S and 12.9°S in
latitude (Figures 4e,f and 8). This area corresponds to
the activated zone at the very early stage of the seis-
mic sequence, around 12-13 May 2018, where some
events are located during Phase 2 as well (Figures 5, 6,
and 7).

Although the activity within the distal cluster is
less intense, Phase 3 corresponds to a major change
in the whole Mayotte seismic sequence, since a
few small-magnitude events with lower S-P val-
ues (below 4.0 s) are located west of the longitude
45.46°E, i.e., at less than 15 km from the east May-
otte coast (Figure 4c,d). Those peculiar events are
located where the forthcoming seismicity will be
concentrated, i.e., the proximal cluster. From 13
July 2018, the proximal cluster becomes active, with
its subsequent events scattered through time until
mid-August.

The small number of events during Phase 3,
merely 86, prevents an accurate estimate of the b-
value, but we estimate that it is larger than 1.6, taking
into account the seismicity of both clusters. This
suggests a drastic change compared to the previous
phases.

4.3.4. Phase 4: 18 August to 30 September 2018

Phase 4 is characterized by a new increase in the
seismicity rate, averaging 75 detections and 6 located
events per day, including 35 events with a magnitude
between 4.0 and 4.8. The seismic activity resumes
with successive pulses of seismicity alternately af-
fecting each cluster (Figure 4d). Similar to Phase 3,
the b-value of 1.5 of each cluster during Phase 4
confirms that the dynamic differs from the first two
phases. Overall, the ratio of “strong to moderate”
events (Mlv > 4.5 events relative to Mlv > 3.5 events)
is two times lower than during Phases 1 and 2. Most
of the events are still located within the distal cluster
(60%) with events of higher magnitude on average.

Two periods are of special interest: the end of
August and most of the month of September (Fig-
ure 4a,b):

* A peculiar seismic activity occurs between
22 August and 6 September 2018, within the

proximal cluster, different from its usual and
subsequent activity. This 15-day period, the
August Proximal Peak (APP), is a series of 62
events identified as distinct from the other
proximal and distal events, with S-P values
on the YTMZ station of mainly around 3.7 s,
and below 4.1 s (Figure 4d). This includes a
group of 31 events with S-P values between
3.5 and 4.0 s, forming the pulse of activity
on 26 August 2018, the climax of APP. No-
tably, it corresponds to the maximum of de-
tections on our STA/LTA approach over the
whole Mayotte sequence (Figure S1). This is
the only example in our catalog of a daily rate
above 30 events within the proximal cluster,
and the first time where seismicity is mainly
located within this cluster in our catalog. The
APP events are thus unique, as the depth of
many of them range between 0 and 23 km
(Figures 4g and 9), while the large majority of
the other earthquakes in the proximal cluster
are located below 20 km.

e A period of intense seismicity in the distal
cluster starts on 11 September. It reaches
100 events between 16 and 30 September,
up to 4.7 in magnitude, including 22 Mlv >
4.0 earthquakes, more than one per day on
average. The peak of activity is on 17 Sep-
tember, with all events located within the
same area as the Phase 3 distal seismicity,
but at a lower depth, around 45 km on av-
erage (Figures 4g, 8, and 9). This is the last
peak of activity in the distal cluster until Oc-
tober 2022. Since the end of September 2018,
the daily seismicity rate remains below one
located event per day within the distal clus-
ter [Bertil et al., 2019, Lemoine et al., 2020a,
REVOSIMA, 2022, Saurel et al., 2022].

4.3.5. Phase 5: 1 October 2018 to 24 February 2019

Phase 5 is defined by the fading of the previously
predominant activity within the distal cluster, coeval
with a significant increase of seismicity in the prox-
imal cluster during the first three months of Phase
5, which then slowly decreases until February 2019
(Figures 4b and 10; see also Figure S1). Over this
five month phase, 1070 earthquakes are located, cor-
responding to a maximum of 200 detections and
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provided in Figure 3).

20 located events per day at the climax of activity (De-
cember 2018).

Less than 50 events are located within the distal
cluster, with magnitude up to 5.0. We note that the
hypocenters are at the same depth (~40 km) than the
distal cluster events recorded during Phases 3 and 4.
A b-value of 1.1 is estimated from those events.

The seismic activity within the proximal cluster
corresponds to more than 1000 located events, with
5 to 25 events per day (Figures 4d and 10), and with
lower magnitudes in general (93% of them with Mlv
< 4.0), as part of the proximal cluster (Figures 4c
and 10). The epicenters belonging to the proximal
cluster during Phase 5 are distributed over a 25 x
20 km? area (Figures 4e,f and 10). The depth of most
of them ranges between 20 km and 45 km (Fig-
ures 4g and 10). Overall, the events of the proximal
cluster are shallower than the distal cluster events.
An interesting feature of the proximal cluster is the
widening of the depth range over Phase 5, from 36 £
2 km at the beginning of October 2018 to 36 + 6 km

at the end of February 2019, together with longi-
tude values focused around 45.4°E in longitude (Fig-
ure 4g). A b-value of 1.77 is estimated from the events
within the proximal cluster during Phase 5.

The observed seismicity distribution (i.e., fre-
quent low magnitude events in the proximal cluster,
decreasing proximal activity from April 2019, less
frequent but more intense earthquakes in the dis-
tal cluster) is observed until the beginning of 2022
[Lemoine et al., 2020a, Lavayssiere et al., 2022, Saurel
etal., 2022, REVOSIMA, 2022].

5. Discussion
5.1. Assessment of data quality

We build a catalog of seismicity for the first ten
months of the sequence, despite the network weak-
nesses, i.e., the small number of stations and the
large azimuthal gap for most of the event locations
(Figure 2). The manual identification of new P and
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details provided in Figure 3).

S phases from additional local and regional stations
lowers the magnitude of completeness to a range
from 3.2 to 3.7, depending on the network evolution
over the first ten months of the sequence. With 2874
located events, our catalog includes 1.5 times more
events than the VT catalog from Cesca et al. [2020]
which used only YTMZ local stations (1882 events
located at fixed 20 km depth), and 2.9 times more
events than the catalog of Lemoine et al. [2020a]
which used both local and regional stations (1004
events). The additional P and S wave picks inte-
grated to our location procedure decrease the aver-
age hypocentral uncertainties to 2.4 km horizontally
and 3.6 km vertically, compared to uncertainties as
high as 10 km horizontally and vertically in the previ-
ous catalog covering the same period [Lemoine et al.,
2020a]. These uncertainties are less than 1 km for the
2211 relative locations (77% of the catalog) (see Sec-
tion 3.4; Figure 3).

The depth of our locations may be compared to
those of Saurel et al. [2022] who use a local OBS
network. Regarding the hypocentral depths, our lo-

cations within the proximal cluster appear to be
3.7 km shallower than theirs, while the depth differ-
ences between the locations belonging to the dis-
tal cluster are lower than the 2 km vertical uncer-
tainties of Saurel et al. [2022]. Regarding the epicen-
tral locations, we note that the locations of our cat-
alog for the proximal and distal clusters are on av-
erage 4.1 and 5.5 km westward respectively, from
those of Saurel et al. [2022], while the location dif-
ferences in latitude for both clusters are lower than
the 2.5 km horizontal uncertainties of Saurel et al.
[2022].

The reliability of the hypocenters highly depends
on the seismic network distribution, which signifi-
cantly evolved over the 2018-2019 period (Figure 2),
with various network configurations including the
GE.SBV data (Figure S2a—c) and one, four or five sta-
tions on Mayotte (Figure S2). In all cases, the two
clusters remain clearly separated by 5 km. We show
that the evolution from one to five stations on May-
otte island does not significantly improve the loca-
tions, as suggested by the results of our tests using
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details provided in Figure 3).

the N1, N2 and N3 network distributions (Figure S2),
whereas data from GE.SBV is crucial for prevent-
ing misplaced earthquakes at shallow depth and for
clearly distinguishing both clusters laterally (Fig-
ure 2f, Figure S2d). Therefore, in light of these results,
we consider the locations of our catalog reliable for
the periods that include the data from GE.SBV. For
periods when data from GE.SBV were not available
(Phase 2 and the beginnings of Phase 3 and Phase
4), the results should be analyzed more carefully
(Figures 4, 6, 7, 9, and Figure S2), particularly for
seismicity upward migration and the lack of events
a few km west from Fani Maoré during Phase 2 (Fig-
ure 7d). However, the shallower depth (above 25 km)
of the events and the southeastward migration of
the seismicity (Figures 3, 6, and 7) is confirmed by
the evolution of the S-P values at YTMZ station (Fig-
ure 6d). Moreover, the shallowness of the seismicity
during Phase 2 is documented from various catalogs
using distinct methods and data sets [Cesca et al.,
2020, Lemoine et al., 2020a, Bertil et al., 2021, Feuillet
et al., 2021].

5.2. Chronology of the Mayotte seismo-volcanic
sequence

With the reliability of our catalog, we refine the
spatio-temporal variation of seismicity at the begin-
ning of the Mayotte activity (Figures 4 and 11). In
the unrest phase of an eruptive context, the seismo-
volcanic event migration highlights the magma prop-
agation into the crust and to the surface, as observed
in other volcanic areas such as the El Hierro, Ca-
naries [Marti et al., 2013] or the Bardarbunga, Iceland
[Agtstsdéttir et al., 2019].

5.2.1. The onset of Mayotte seismic sequence (first
week of Phase 1: 10-17 May 2018)

Further analysis of the data in this study confirms
a significant lack of seismic activity or surface defor-
mation signal in Mayotte before 10 May 2018, from
geodetic and seismic data, respectively (Figure S1).
The sequence corresponds to a swarm-like seismic-
ity showing several phases of event migration and
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pulses of activity encompassing moderate magni-
tude events (Figures 6, 11b). There is no initial and
major shock: the biggest earthquake occurs on 15
May, five days after the beginning of the sequence.

In our catalog, the first detected events (Mlv < 4)
occur on 10 May 2018 and are located between the
two clusters that are subsequently identified, around
45.45°E and at 30-40 km depth (Figure 5), without
any earthquakes being recorded in the following four
years of activity. During the two first days, the seis-
micity rapidly moves to the east (up to 45.5°E) and
spreads over a depth range of 30-40 km.

On the one hand, the sudden magmatic activ-
ity could be induced by static or dynamic stresses.
Several studies such as Feuillet et al. [2006] showed
that the destabilization of a deep magma reservoir

may be triggered by tectonic transient loading, i.e.,
by stress induced by the occurrence of one or more
earthquakes. The dynamic stresses associated with
the seismic waves going through the magma body
can also explain the pressure change within the
magma reservoir [Walter et al., 2007]. On the other
hand, the sudden magmatic activity may be induced
by the feeding of the reservoir from a deeper level.
Regarding the Mayotte sequence, stresses deduced
from focal mechanisms of the 2018-seismic crisis are
very consistent with stresses deduced from the re-
gional seismicity before 2018 [Famin et al., 2020], im-
plying that the 2018 earthquakes are in coherency
with regional, tectonic stresses. Petrological studies
support the tectonic triggering hypothesis [Berthod
et al., 2021a]. The seismicity of the first days, con-
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fined between the two subsequent clusters, would
have initiated the destabilization and damping of
the reservoir. The seismic sequence that follows may
have resulted from the stress induced by magma in-
jection within the lithosphere and volume change in
the reservoir and the conduits.

5.2.2. The distal cluster: progressive shallowing of the
seismicity, in four steps (Phase 1: 10 May-8 June
2018)

As shown above, the outbreak of Mayotte seismic-
ity is not a continuous sequence of earthquakes. Dur-
ing the one-month long Phase 1, the events clus-
ter during short periods, lasting from half an hour
up to eight hours, with a few dispersed events in
between (Figure 6). We distinguish four ~week-long
steps (Figures 6 and 11b-e). During the first week
(10-17 May 2018), the seismicity takes place between
the subsequent location of the two clusters. It mi-
grates to the east, while remaining at around the
same depths (between 37 and 40 km), and reaches
the later location of the distal cluster (currently ac-
tive). This first week is marked by the occurrence
of the largest shock of the sequence. This initial se-
quence may highlight the overpressure associated
with magma injection at depth from the deep reser-
voir (Figure 11b). During the second week (18-24
May 2018), the earlier earthquakes, including large
Mlv > 5.0 shocks, occur at a similar latitude and
depth, with small variations along the longitude axis.
We propose that during this week the stress may
have accumulated locally, with strong earthquakes
(Figure 11c). Modeling of the GNSS data with strike-
slip faulting only suggests fracturing of the crust and
magma intrusion between the middle and end of
May 2018 [Lemoine et al., 2020a]. The migration of
earthquakes along the E-W direction during the first
two weeks of the sequence could highlight the spa-
tial evolution of the propagation front of the magma-
filled fractures as observed in more shallow crustal
levels along active rifts [Grandin et al., 2011]. Fol-
lowing Cesca et al. [2020] and Feuillet et al. [2021],
we suggest that the western part of the active area
corresponds to the injection point of magma into
the surrounding lithosphere, magma that was pre-
viously stored in the deep magma reservoir. This
segment of the distal cluster remains active (In Oc-
tober 2022), forming the western, nearly E-W ori-
ented part of the distal cluster [Jacques et al., 2019,

Hoste-Colomer et al., 2020, Lavayssiere et al., 2022,
REVOSIMA, 2022].

Then the intense activity on 25 May, and the seis-
mic climax on 1 June, with dozens of seismic events
within three to eight hours, highlight major direction
changes in the pathway to the surface. The earth-
quakes migrate to the southeast from 25 May, and
to the south and at a shallower depth (40 to 25 km)
from 1 June, which supports the view that seismicity
on the eastern segment is associated with the erup-
tive process of Fani Maoré [Figures 3-7, and 11, Cesca
et al,, 2020, Lemoine et al., 2020a, Bertil et al., 2021].
Remarkably, there is no seismicity further southeast
of the location of Fani Maoré, which suggests that
most of the sequence is related to the same mag-
matic plumbing system. This observation is consis-
tent with the seismo-magmatic crustal episode that
occurred along the western Aden ridge, where the
dyking-related earthquakes showing a lateral migra-
tion affect only one second-order spreading segment
of the ridge, with no sign of activity within the adja-
cent en-échelon segments [Ahmed et al., 2016]. We in-
terpret the occurrence of several large seismic events
(above magnitude 5.0) in 25 May and 1 June, followed
by the direction changes in the migration of the seis-
micity (Figures 5, 6, and 11d,e), as the ruptures of bar-
riers preventing the magma circulation, as described
for example in the 2008 Kasatochi eruption, Alaska
[Ruppert et al., 2011].

During Phase 1, the southeastward migration
of the seismicity along a lateral distance of 20 km
follows the SE-trending regional volcano-tectonic
structures: the Jumelles, the Mayotte offshore vol-
canic chain, and the Mwezi volcanic field [Tze-
vahirtzian et al., 2021, Thinon et al., 2022]. This sug-
gests that the direction of the magma propagation
from the deep magma reservoir at 40 km depth is
mostly driven by the regional tectonic stress field
with NW-SE and SW-NE-trending maximum and
minimum horizontal stresses, respectively [Famin
et al.,, 2020, Lemoine et al., 2020a, Thinon et al.,
2022].

5.2.3. The distal cluster: progress of the seismic-
ity from depth towards the seafloor eruption
(Phase 2: 9 June-7 July 2018)

During Phase 2, the distal cluster is divided into
two distinct active areas: a shallow part, interpreted



126 Nicolas Mercury et al.

as ruptures that witness the upward magma circula-
tion reaching the surface, and a deep part between
35 km and 40 km.

We interpret this large deep magnitude seismic-
ity between 14 June and 14 July 2018 to be due to
the readjustment of stress above the reservoir due to
magma withdrawal and its intrusion in the surround-
ing lithosphere. In other volcanic contexts, usually
at shallower depth, events of magnitude above 5.0
are rare and related to large quantities of material
from underlying reservoirs being quickly withdrawn,
as described in the strongest eruptions of the last
decades for instance [Okada, 1983, Mori et al., 1996].
The lateral distribution of the hypocenters and the
range of S-P values confirm the large extent of the
plumbing system (30 x 30 km).

This seismicity that affects the upper mantle and
the crust is interpreted as ruptures associated with
the upward magma migration and potentially with
the opening of the magma vertical pathways to the
surface. Based on the relocations included in our cat-
alog, this seismicity disappears at the end of June
2018. Therefore, the lack of relocated earthquakes
above 25 km within the distal cluster suggests that
most of the magma ascent from ~25 km up to the
surface occurs aseismically from July 2018. In other
active volcanic systems, similar observations have
been made, where the remaining shallow seismic-
ity remains low once the conduits to the surface are
formed and the eruption is set [Roman and Cash-
man, 2018, and references therein], except during
collapse events of the edifice, which has yet to be ob-
served.

Considering that the beginning of the surface de-
formation signal (related to the magma ascent) is
observed since 30 May 2018 [Phase C in Lemoine
et al., 2020a], we thus suggest, following Berthod et
al. (2020a), that the feeding of the newly formed
conduits begins at the very start of the seismic se-
quence, as early as mid-May 2018. The constant b-
values (0.91, Figure 4c) over b-values of both Phases
1 and 2 (10 May-7 July 2018) suggest that the proper-
ties of the surrounding rocks are similar during these
first two phases [Schorlemmer et al., 2005]. By con-
trast, Phase 3 is characterized by a higher b-value
(1.6), which is usually observed in volcanic contexts
[e.g., Wiemer and McNutt, 1997, Chiba and Shimizu,
2018, and references therein], confirming the start of
the submarine eruption between Phase 2 and Phase

3. Inland surface deformation measured using GNSS
data and associated with the deflation of this deep
reservoir begins between 28 June and 3 July 2018
[Cesca et al., 2020, Lemoine et al., 2020a]. This sug-
gests that the magma pathways up to the surface are
established at this time, thus the eruption may have
started earlier. From our catalog, the start of the sub-
marine eruption appears to be between 17 and 27
June 2018, when the seismicity reaches the surface
(Figures 4g, 6g, and 7). This is consistent with the
observed diffusion in zoned olivine crystals [Berthod
et al., 2021a], which is interpreted as syn-eruptive
magma transfer from the deep mantle reservoir, and
implies migrations of 25 km east and 10 km south,
and upward vertical migration of 40 km in less than
seven weeks from the estimated reservoir location.
This corresponds to a vertical migration rate of 0.01
to 0.02 m-s™! in June, hence a relatively fast magma
ascent speed [Cassidy et al., 2015]. This is also among
the longest migrations of magma ever monitored and
documented during an eruption, with only a few,
such as the Pinatubo eruption in 1991, having earth-
quakes extending laterally for 20 km and from 25 km
depth [Mori et al., 1996], or the Bardarbunga erup-
tion in 2014, occurring at the tip of a 48 km long dyke
developed over 13 days, between 0 and 10 km depth
[Agustsdottir et al., 2016].

5.2.4. Onset of the proximal cluster (Phase 3: 8 July-17
August 2018)

Unlike the distal cluster, the seismicity within the
proximal cluster starts progressively. The two first
events, with an S-P value of ~4.3-4.4 s, are recorded
mid-July 2018. Notably this seismicity only starts
soon after the beginning of the seafloor eruption,
suggesting a relation between the loss of magma vol-
ume in the reservoir and the occurrence of the proxi-
mal earthquakes. The seismicity of the proximal clus-
ter is interpreted as a subsiding piston-like structure
above a depressed magma chamber [Hoste-Colomer
et al.,, 2020, Jacques et al., 2020, Feuillet et al., 2021,
Lavayssiere et al., 2022]. A complex caldeira-like
structure is proposed by seafloor observations above
the location of the proximal cluster, with evidence of
past eruptive episodes [Berthod et al., 2021a, Feuillet
et al., 2021, REVOSIMA, 2022, Puzenat et al., 2022].

The b-value estimated from the earthquakes
within the proximal cluster (1.6) is higher than in
the distal cluster and could indicate a larger amount
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of fluids within the lithospheric column than for the
distal cluster. The identification of potential interme-
diate reservoirs at 25-30 km depth from petrological
and seismic data supports this hypothesis [Figure 11,
Berthod et al., 2021a,b, Foix et al., 2021]. Likewise,
the VLP events reported during the Mayotte eruption
that started mid-June 2018, despite their hardly con-
strained depth, are located within the proximal clus-
ter area, most likely above the proximal events [Satri-
ano et al,, 2019, Laurent et al., 2021]. Those Mayotte
VLP events are unique to this area with analogs only
found in Polynesia [Talandier et al., 2016, Poli et al.,
2019].

5.2.5. The August Proximal Peak (beginning of Phase
4: 22 August—6 September 2018)

The APP is located in the area of the proximal
cluster, but at a shallower depth (Figures 4 and 9),
above what will become the most active area of the
proximal cluster [Jacques et al., 2020, Lavayssiére
et al., 2022]. We may describe it as a third cluster,
because its specific characteristics (S-P values on
YTMZ, depths, seismicity rate, number of detected
events) are different from the past and future proxi-
mal cluster dynamics. It occurs shortly after the start
of the proximal cluster and after the start of the
Fani Maoré eruption. Since May 2019, one year af-
ter the onset of the Mayotte seismic sequence, we
note that successive MAYOBS cruises have reported
hundreds of meters-high, persisting acoustic plumes
on top of the caldeira-like edifice on the seafloor
above the proximal cluster [Cathalot et al., 2019, Rin-
nert et al., 2019, Feuillet et al., 2021, Scalabrin et al.,
2021, REVOSIMA, 2022, Puzenat et al., 2022]. The
beginning of the proximal activity at depth might
have destabilized mushes inferred from petrologi-
cal data around 20 km depth [Berthod et al., 2021a].
We suggest that the APP corresponds to a phase of
activation of this area up to the surface, associated
with the setting or a renewal of the acoustic plumes
above the proximal cluster. As almost continuous
gas emissions have been monitored on Petite Terre
since 1990 [Sanjuan et al., 2008, Liuzzo et al., 2021,
Cadeau et al., 2022], the acoustic plumes might have
started before 2018. The APP could mark an enhance-
ment of acoustic plume activity. The depths of the
events from 22 to 29 August 2018 range between 0
and 25 km, whereas below Fani Maoré the upward
seismic migration on a similar distance takes more

than twice this time, associated with larger releases
of seismic energy. Because of the low magnitudes,
we suggest that the APP occurs in a pre-existing
damaged zone, which is still active in October 2022
[REVOSIMA, 2022].

Finally, considering the 5.0 + 0.3 km® Fani Maoré
built up between the end of June 2018 and May 2019,
the calculated average eruptive rate of 200 m3/s cor-
responds to one km® of erupted material over two
months by the end of August. The APP and the fol-
lowing proximal activity could have occurred in re-
sponse to this already important withdrawal of a
large magma volume from a complex plumbing sys-
tem.

5.2.6. The distal September 2018 seismicity: opening
of a new, deep feeding conduit?

A renewal of the distal cluster activity occurs from
3 September 2018, right after the APP, with magni-
tudes up to 4.8. This reactivation is centered around
45 km depth, i.e., below the previous seismically ac-
tive area (Figures 4, 9). We identify a pulse of ac-
tivity on 17 September, whose events are within a
wider range of depths, between 35 and 50 km, fol-
lowed by a higher seismicity rate until the end of the
month, yet lower than the May and June seismic-
ity rates (Figure 4). There is also an increase of dis-
placement rate within the GNSS data around 8 Octo-
ber 2018. We consequently suppose that a new feed-
ing way may be built in September 2018, allowing a
faster withdrawal of magma from a deeper part of
the plumbing system. Such downward propagation
of swarm-like seismicity, due to decompression of
magma reservoirs, has already been observed within
the Eyjafjallajokull complex plumbing system, in Ice-
land [Tarasewicz et al., 2012].

Taking into account the spatial evolution of the
hypocenters within the distal cluster, the top of the
destabilizing reservoir complex should be located
west of 45.5°E and south of 12.75°S, and deeper
than 40 km, assuming that the initial seismic activity
started above it (Figure 11). This is located below the
deflating source in the deformation model proposed
by Lemoine et al. [2020a], but is in agreement with
the deformation source proposed by Feuillet et al.
[2021], the petrological constraints of Berthod et al.
[2021a], the tomography studies [Foix et al., 2021],
and the previous conceptual models [Feuillet et al.,
2021, Lavayssiére et al., 2022] (Figure 11a).
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5.3. Relations between the seismic clusters and
the magmatic plumbing system

5.3.1. Development of the proximal cluster, link with
the Fani Maoré eruption

The seismicity rate on the proximal cluster re-
mains low until October 2018 (the end of the Sep-
tember distal episode), while the GNSS velocities re-
main constant [Figure S1; Briole, 2018]. At this point,
the proximal cluster progressively becomes predom-
inant. The number of detected events increases until
the end of December 2018, as does the effusive rate
deducted from GNSS data [Lemoine et al., 2020a].
Then, from the end of 2018, the eruptive rate slowly
decreases, as does the seismicity rate within the prox-
imal cluster. We observe that the proximal seismic-
ity rate roughly follows the eruptive rate, suggesting
that the seismicity of the proximal cluster is linked
to the eruption process, at least in the period cov-
ered by this study. The later decreasing eruptive ac-
tivity, along with the decreasing proximal seismicity
rate [Rinnert et al., 2019, REVOSIMA, 2022], tend to
show that this proximal seismo-volcanic link contin-
ues after March 2019.

The proximal events are focused initially around
36 + 4 km depth. During the following months, the
depth range widens (95% of the depth values be-
tween 20 km and 50 km, Figure 4g). The majority of
the events are 30 km to 45 km deep, meaning that
the damaging of a sub-vertical, likely inherited sys-
tem, propagates slightly downward from the initial
active area, consistent with the idea of an underly-
ing collapse [suggested in Hoste-Colomer et al., 2020,
Jacques et al., 2020, Lavayssiére et al., 2022]. This may
favor the circulation of fluids, which would explain
the link between the magma drainage and the acous-
tic plume activity [e.g., Jacques et al., 2020].

The shape of the proximal cluster during Phase 5
tends to show that its seismicity until March 2019 is
mainly located on its eastern half [which is the most
active part of this swarm during the following years:
e.g., Lavayssiere et al., 2022, Saurel et al., 2022].

5.3.2. On the link between the two clusters and the
dynamic of the feeding system

Before the proximal cluster becomes intensely
active during Phase 5, we observe during Phase 4
that when the activity of one swarm increases, the
activity of the other decreases (Figure 4). The distal

seismicity lowers during the APP, and then when it
increases during the September episode, the prox-
imal activity decreases. Finally, when the proximal
cluster becomes predominant within Phase 5, the
distal seismicity lessens. We do not identify a di-
rect “seismicity link” between the two clusters, since
there is clearly an area without seismicity between
them [also observed in the next period with a better
monitoring network: e.g., Lavayssiére et al., 2022,
Saurel et al., 2022]. It is however obvious that both
clusters of seismicity are linked to the same eruptive
phenomena.

In agreement with already proposed mod-
els [Berthod et al., 2021a,b, Feuillet et al.,, 2021,
Lavayssiere et al., 2022], we suggest that the distal
activity is related to the building and modifications
of the feeding system of the Fani Maoré volcano,
while the proximal one is linked to the main reservoir
drainage and subsequent reequilibration of stresses,
and thus the different alternate behaviors.

5.3.3. The ~20 km deep mushes

Without considering the APP, we observe an area
between 13 and 21 km with very few events above
magnitude 3.0. Petrological studies highlight an in-
termediate magma storage at the base of the crust,
somewhere in between 11 km and 23 km [Berthod
et al., 2021b, Figure 11], as well as tomography work
[Foix et al., 2021], where VLP events are located [Sa-
triano et al., 2019, Laurent et al., 2021]. Previous stud-
ies have detected a 9 km-thick conductivity anom-
aly at ~20 km depth [Darnet et al., 2020], interpreted
as magmatic underplating [Dofal et al., 2021]. In line
with these interpretations, we suggest that this range
of depths without seismicity could highlight interme-
diate magma mushes at the crust-mantle boundary,
allowing a non-seismogenic circulation of magma.

5.4. The Mayotte crisis: a unique seismo-volcanic
sequence

Oceanographic campaigns [Audru et al., 2006, Rin-
nert et al.,, 2019, Tzevahirtzian et al., 2021, Thinon
et al.,, 2022] uncovered important submarine vol-
canic chains, with ridges, cones and domes, and
complex faulted systems, distributed along the Co-
moros archipelago. The multiple seafloor marks ob-
served in the archipelago are evidence that impor-
tant volcanic events such as the Mayotte 2018-2022
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eruption might have occurred in the past. Some
edifices are of comparable size than Fani Maoré,
although this volcano is indeed the highest known
submarine volcano within the archipelago.

One particularity of the Mayotte sequence is the
amount of earthquakes of magnitude over 5.0. More
Mlv > 5.0 events reported within the two first months
of the Mayotte sequence than in the previous 50
years within the archipelago, from the Davie ridge
to Madagascar [Figure 1; Bertil et al., 2021]. This in-
dicates the high amount of stress applied and the
high resistance and/or initial low damage level of
the sub-Moho lithosphere (brittle mantle) in this
area. No equivalent of this Mayotte seismic sequence
can be found within the regional seismicity cat-
alogs: there are neither identified seismic swarms
nor focused sequences of earthquakes along the
archipelago. Locally within monitored periods, the
Mayotte sequence is therefore unique. Collective
memory moreover does not recall such an intense
crisis, as the oral tradition reports damaging earth-
quakes only in 1606, 1679, and 1788, without men-
tion of any months-long seismicity [Hachim, 2004].

The Mayotte sequence is a unique laboratory for
large-scale eruption study: upper mantle seismicity
migrates dozens of kilometers laterally and up to the
seafloor, many earthquakes of moderate magnitudes
occur for volcano-seismic sequencing, there is the
presence of huge emitted volumes of magma and
separated clusters with different apparent dynamics.
Such magnitudes and sequences of high seismicity
rate and duration are highly unusual. In compari-
son, the off-Ito swarm and eruption, with magnitude
up to 5.5 lasted only three months [Okada and Ya-
mamoto, 1991]; see other examples in [McNutt and
Roman, 2015].

The size of the destabilized reservoir and the
quantity and speed of magma, from depth to sur-
face, is generally related to the associated seismic
sequence [Feuillet et al., 2006, Michon et al., 2015].
Furthermore, seismicity is widely used as a precur-
sory eruption warning. Here, the initial Mayotte ac-
tivity is exceptional, with 45 earthquakes of magni-
tude between 5.0 and 6.0 and hundreds of felt events
within the first two months. Occurrence of seismic-
ity above magnitude 5.0 is rare during volcanic un-
rest, even though some large events are known, pre-
ceding or following large eruptions and/or caldeira
collapse. However, none of the eruption-related seis-

mic crises monitored so far, such as the Fernand-
ina 1968 eruption on Galapagos islands [Filson et al.,
1973], the Kasatochi 2008 eruption in Alaska [Ruppert
etal,, 2011], or other examples [e.g., McNutt and Ro-
man, 2015], ever reached the daily rate and durability
of Mayotte sequence. The moderate-to-high magni-
tude sequences of Mayotte could be due to the dif-
ficulty to fracture the lithosphere [e.g., Dofal et al.,
2021, Masquelet et al., 2022], where no recent erup-
tion had occurred [e.g., Ruppert et al., 2011].

Here, the seismic swarms highlight the excep-
tional lateral and vertical extension of the magmatic
reservoirs and paths. The distal seismicity highlights
one of the longest vertical migrations of seismic ac-
tivity linked to a magma migration ever monitored,
from 40 km depth to seafloor bottom at ~3.5 km be-
low sea level, and a 25 km lateral migration to the east
then to the south-east. Lateral migrations of dozens
of kms, and volcano-seismic sequences that do not
happen right below the volcanic edifices, are rare, but
have been observed during other dyking events [2011
on El Hierro, Canary islands, Carracedo et al., 2015;
2014 on Bardarbunga, Iceland, Agﬁstsd(’)ttir et al.,
2016; 2016 on Brava Island, Cabo Verde, Leva et al.,
2020].

Similarly, an “aseismic” zone separates our two
clusters. We suggest that the two clusters are linked
to the eruptive process at the surface, along with
the emptying of a deep reservoir. Different clus-
ters can be observed around a same magma body,
highlighting its expansion or a spreading eruption
[as observed below El Hierro, Cerdefia et al., 2014].
However, in the Mayotte case, the two clusters have
different dynamics. The thoroughly researched and
monitored example of Bardarbunga (Iceland) dyke
intrusion in 2014 shows a similar pattern: there is
evidence of two distincts seismic zones, one linked
to a caldeira collapse, the other linked to magma
ascent within a 48 km-long dyke reaching the sur-
face [Sigmundsson et al., 2015, Gudmundsson et al.,
2016, Agustsdéttir et al., 2019]. However, in the
Béardarbunga example, the seismicity is above 10 km.
The Mayotte eruption is the first observation of a
collapsing event in the mantle at depths of 25-50 km.

6. Conclusion

We build up an exhaustive catalog of the beginning
of the Mayotte seismo-volcanic sequence, from the
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onset of the seismic sequence on 10 May 2018, to the
last day of monitoring without OBS networks on 24
February 2019 [Saurel et al., 2022]. Despite the initial
monitoring issues, it is possible to follow up on the
crisis and improve the seismic catalog afterwards.

The sequence starts with the propagation of a
feeding conduit, built up in segments, from a deep
(=40 km) reservoir. This is highlighted by one month
of deep, swarm-like seismicity (10 May-8 June 2018),
with a high seismicity rate (30 events per day) and fre-
quent earthquakes above magnitude 5.0 (one a day
on average), marking the importance of the stresses
applied on barriers, which broke progressively, creat-
ing a seismicity in successive pulses. Seismicity mi-
grates from 20 km east of Mayotte and ~40 km depth
to almost 50 km east of Mayotte and ~30 km depth,
within the so-called distal cluster.

The conduit—dyke—opening up to the surface
occurs during the following month (9 June-7 July
2018). Even as the seismicity rate lowers, the mag-
nitudes are as high as in the preceding month.
The upward migration is confirmed with GNSS data
and international networks [e.g., Cesca et al., 2020,
Lemoine et al., 2020a]. The “superficial part” (above
25 km) is less seismic, magma paths perhaps grow
through a partially damaged environment and/or
pre-existing conduits. Once the conduits are opened
on the seafloor, at the end of this phase, there
is no more occurrence of seismicity above 25 km
within the distal cluster. The seismogenic building
of conduits up to the surface, from 10 May to 7
July 2018, cover 25, 10 and 40 km eastward, south-
ward and along the vertical axis, respectively. Superfi-
cial earthquakes, i.e., close to the seafloor, occur be-
tween 17 and 27 June, marking the end of the con-
duit building, and likely the beginning of the erup-
tion. The distal cluster activity remains low since
October 2018.

The eruption of the Fani Maoré volcano causes
a rapid and large deflation of the feeding magmatic
system, triggering a deep seismicity extending at
depth, highlighted by the proximal cluster located
0 to 20 km east of Mayotte. This seismicity starts
in July 2018, at ~30 km depth and develops mainly
downward in the following months, to depths rang-
ing between 25 and 40 km in February 2019, with
lower seismicity rates and magnitudes. The proximal
seismicity rate follows the eruptive rate, but takes
place below the complex, westward part of the off-

shore Mayotte volcanic chain. The following seismic-
ity, since October 2018, is mainly focused on this
cluster.

In addition to detailing the two first months mi-
grations, this catalog allow to identify two peculiar
episodes of seismicity, one at the end of August 2018
above the proximal cluster, possibly linked to the
acoustic plumes, and another in the distal cluster in
September 2018, interpreted as the opening of a new
feeding pathway allowing for a higher eruptive rate
since October 2018.

This seismic sequence questions the state-of-the-
art knowledge about the Comoros archipelago litho-
spheric structure and volcanism. The intense seis-
micity of the two first months of the Mayotte se-
quence proves that deep-feeding conduits have not
opened for a long period, marking a difficult magma
intrusion into the lithosphere. Further investigations
of the regional seismicity will help us to understand
the link between volcanism, earthquakes, and tec-
tonic activity that much more, and will help us to re-
fine these hypotheses.
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1. Introduction

Mayotte Island is one of the four islands of the Co-
moros volcanic archipelago. It is located in the Indian
Ocean in the Mozambique Channel between Mada-
gascar and Africa. Mayotte Island shows marked vol-
canic geomorphology. Volcanism in Mayotte started
about 10 to 15 My ago [Audru et al., 2010]. This be-
havior continued during the Quaternary, with the last
volcanic eruption occurring 7000 years ago [Zinke
et al., 2003]. The source of volcanic activity in May-
otte is still debated. Emerick and Duncan [1982] sug-
gests that the origin of the archipelago is a hotspot,
while Nougier et al. [1983] postulates that the vol-
canism corresponds to the reactivation of old and
deep lithospheric fractures. Michon [2016] also re-
jects the idea of a hotspot and proposes that the Co-
moros archipelago volcanic activity can be explained
by lithospheric deformation related to the southern
extension of the East-African rift.

In general, the archipelago of Comoros is con-
sidered a moderately seismic region. However,
since May 10, 2018, unusual intense seismicity
has been observed in the east of Mayotte Island.
From May 10, 2018 to July 31, 2019 almost 2000
events with local magnitude M} = 3.5, were recorded
[REVOSIMA/IPGP, 2019]. The largest earthquake
occurred on May 15, 2018, with a magnitude of
M, = 5.9. After July 2018, the number of earth-
quakes decreased, showing less than a hundred
earthquakes with magnitude M; = 3.5 per month
[REVOSIMA/IPGP, 2019, Saurel et al., 2022]. Although
the most significant earthquakes occurred at the be-
ginning of the crisis, the region remains active in 2021
with 141 My, = 1 Volcano-Tectonic (VT) earthquakes
located in December 2021 [REVOSIMA/IPGP, 2021].
Geodetic data recorded in Mayotte show transient
displacements of approximately 17-20 cm to the east
and subsidence of 8 to 15 cm from the beginning of
the crisis until the end of July 2019 [Figures 5 and 6 of
the Bulletin number 1; REVOSIMA/IPGP, 2019]. Very
long-period events (VLP) with a dominant period
of ~15 s have also been reported [Cesca et al., 2020,
Lemoine et al., 2020]. An oceanographic campaign
in the area led to the discovery of a new submarine
volcano in May 2019, located approximately 50 km
east of Mayotte, which forms a seamount of approx-
imately 820 m height on the seafloor [Feuillet, 2019].
This campaign and later oceanographic campaigns

have revealed several lava flows along with acoustic
plumes in the water column. The new volcano is
located at the tip of a 50-km-long ridge composed
of many recent volcanic edifices, interpreted as an
extensional structure within an east-west striking
zone between East Africa and Madagascar [Feuillet
et al.,, 2021, Famin et al., 2020]. Assuming that the
new volcano edifice began to be built in July 2018,
the mean lava flow rate is approximately 180 m3-s~!
(according to a survey conducted 11 months after
onset of eruption [Feuillet et al., 2021]). The extruded
volume of lava could be as large as 5 km? transform-
ing it into the largest active submarine eruption ever
documented [Feuillet et al., 2021].

Following the deployment of additional seismo-
logical stations both onland and offshore, two sep-
arate seismicity clusters are now identified [Saurel
et al.,, 2022]. Most of the large My, = 5.0 earthquakes
that occurred at the beginning of the crisis were lo-
cated in a distal cluster connecting deep parts of the
plumbing system (at depth of 30-40 km) to the new
volcanic edifice on the seafloor [Cesca et al., 2020,
Feuillet et al., 2021, Saurel et al., 2022]. This initial
seismic sequence was most likely associated with the
migration of magma toward the surface. Later, the
magnitude of earthquakes decreased progressively
and the seismic activity migrated toward Mayotte is-
land. This proximal cluster, located 10 km to the east
of Mayotte, has a cylindrical shape that likely cor-
responds to a ring fault system below an ancient
caldera structure [Feuillet et al., 2021].

In this study, we analyze the source of the VT
earthquakes to constrain the spatio-temporal prop-
erties of magma migration at the onset of May-
otte volcano-seismic activity. The unusual increase of
earthquake activity along with the birth of the large
volcanic edifice offshore of Mayotte clearly indicate
the magmatic origin of the seismic sequence. How-
ever, the relationship between the observed large
(M, = 5.0) earthquakes and the migrating magma
pressure source is still elusive. In particular, several
VT events in Global CMT [GCMT, Dziewonski et al.,
1981, Ekstrom et al.,, 2012] and Cesca et al. [2020]
catalogs present large non-double-couple (non-DC)
components. These non-DC events could potentially
correspond to volcanic source processes such as
dike opening due to magma migration, resonance
of fluid-filled cracks or even complex ruptures on
ring-faults [Ekstrom, 1994, Chouet and Matoza, 2013,
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Rodriguez-Cardozo et al., 2021]. These non-DC com-
ponents could also be associated with complex rup-
tures involving multiple tectonic subfaults or have a
spurious origin and be induced by measurement er-
rors (e.g., noise) or modeling uncertainties (e.g., inac-
curacy of the Earth model). Here we focus on trying
to understand to what extent these earthquakes cor-
respond to opening/closing dykes or whether they
correspond to shear faulting caused by stress trans-
fer caused by a migrating magmatic pressure source.

With this purpose, we use long-period wave-
forms to invert for the source parameters of M, =5
earthquakes that essentially occurred during the
first months of the Mayotte seismic crisis (May and
June 2018). Unfortunately, few regional stations were
available during this period. Hence, the inversion
is based on long-period seismological observations,
including body and surface waves. To mitigate the
impact of lateral heterogeneities that can be partic-
ularly large for fundamental mode surface waves,
we estimate the Centroid Moment Tensor (CMT)
parameters using Green’s functions computed for
a global 3D Earth model combining S40RTS and
CRUST2.0 [Ritsema et al., 2011, Bassin et al., 2000].
We compare our solutions with other studies and
discuss the magma transfer at the beginning of the
seismo-volcanic crisis.

2. Data and methods

We select events from the GCMT catalog located in
the vicinity of Mayotte Island in 2018. This selection
gives a total of 27 events with M,, = 4.8, occurring
mostly at the beginning of the crisis (i.e. in May-
June 2018). We use teleseismic and regional wave-
forms from stations with an epicentral distance from
0° to 90°. We use a combination of 150 channels from
GEOFON [IS, GE, TT; GEOFON Data Centre, 1993],
GEOSCOPE [G; Institut de Physique du Globe de
Paris (IPGP) and Ecole et Observatoire des Sciences
de la Terre de Strasbourg (EOST), 1982], ASL/USGS
[AU, IU, IC, GT; Albuquerque Seismological Labo-
ratory (ASL)/USGS, 1988, 1992, 1993], IRIS/IDA [II;
Scripps Institution of Oceanography, 1986], MedNet
[MN; MedNet Project Partner Institutions, 1990], RE-
SIF [FR, RD; RESIF, 1962, 2018], NARS [NR; Utrecht
University (UU Netherlands), 1983], Karthala [KA; In-
stitut de Physique du Globe de Paris (IPGP), 2006]
as well as station GULU belonging to a temporary

network installed in Uganda to investigate plume-
lithosphere interactions [XW; Nyblade, 2017]. Wave-
form data has been validated at long period by com-
paring with synthetics from large teleseismic earth-
quakes. We do not use the YTMZ strong motion sta-
tion from the French RESIF-RAP network, which was
the only station on Mayotte Island at the beginning,
due to large errors in the internal clock during the
studied time-period.

For each earthquake, we manually reject noisy
records and data with dubious metadata. After data
screening, moment tensor solutions are obtained us-
ing 23 channels in average. The time window used for
the waveform inversion starts at the P-wave arrival
and includes the first group of surface waves (R1 and
L1). For specific stations, we manually change the
time window duration to exclude clipped signals in
the inversion. A causal bandpass Butterworth filter of
order 4 is applied to the data. To mitigate long-period
seismic noise, the filter corner periods are adapted as
a function of the earthquake magnitude and the epi-
central distance of the stations (see Tables 1 and 2).
Using the resulting long-period waveforms, we then
perform point source inversions to invert for CMT
parameters (i.e., moment tensor elements, rupture
duration, and centroid location in time and space).
We use a modified version of the W-phase inversion
method by Duputel and Rivera [2019]. This algorithm
relies on a grid-search approach to find the point-
source mechanism, time and location that minimizes
the root mean square (RMS) waveform misfit. In this
study, we assume three different levels of general-
ity for the moment tensor: (1) Full moment tensor
(FMT; i.e., six independent elements of the symmet-
ric moment tensor), (2) Deviatoric moment tensor
(DMT; i.e., assuming no net volume change during
the rupture) and (3) Double-Couple (DG; i.e., assum-
ing a pure shear rupture). While FMT and DMT inver-
sions are linear for a given centroid location, DC so-
lutions are estimated by grid-searching for strike, dip
and rake angles corresponding to the minimum RMS
misfit. For the sake of consistency, FMT and DC in-
versions are performed using the same dataset, time
shift (T;) and centroid location as those estimated for
the DMT solution.

To account for large-scale 3D hetero-
geneities, we compute Green’s functions using
SPECFEM3D_GLOBE [Komatitsch et al., 2015] for
a global 3D Earth model composed of S40RTS
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Table 1. Bandpass filter used for records with
epicentral distance larger than 4°

Magnitude Bandpass
53=< M, =59 50-150s
M, <53 50-100s

With the exception of earthquakes 2018-06-04
21:20, My, = 5.1 and 2018-06-01 07:14, M,, =
4.7 for which we use 50-150 s and 30-80 s pass-
bands respectively.

Table 2. List of events for which an ad-hoc
bandpass filter is applied for stations at epicen-
tral distances smaller than 4°

Event Magnitude Bandpass
2018-05-1515:48 5.9 50-150s
2018-06-1217:17 5.4 50-150s
2018-06-2517:41 5.3 50-150s
2018-06-27 06:40 5.2 50-100s
2018-06-18 13:43 5.1 50-100s
2018-06-23 19:45 5.0 50-100s
2018-06-05 23:02 5.1 30-80s
2018-05-30 05:54 5.1 30-80s
2018-05-25 09:32 5.0 30-80s
2018-06-07 13:06 5.0 30-50s
2018-06-10 13:04 4.8 30-50s

[Ritsema et al.,, 2011] and CRUST2.0 [Bassin et al.,
2000]. Green’s functions are calculated for various
source locations with depth ranging from 5.0 to
35.0 km (each 2.5 km), latitude ranging from 13.03° S
to 12.7° S and longitudes ranging from 45.48° E to
45.83° E (each 0.025°). The definition of this grid
was guided by the earthquake centroid locations
provided by the GCMT catalog and preliminary tests.

Once we obtain the moment tensor parameters
we perform a decomposition of the moment into the
double couple (DC), isotropic (ISO), and compen-
sated linear vector dipole (CLVD). For this, we follow
the definition of Vavrycuk [2015],

Miso = 3 (M + M; + Ms) o))
Mcivp = (M + Mz —2Mp) ()]

Mpc = 3(My — M3 — |M; + Ms — 2My|)
(Mpc =0) 3)

where, M; = M, = M3 correspond to the eigenvalues
of the moment tensor. Then to measure the relative
contribution of each component, we can write,

Ciso 1 Miso
C =— | M, 4
cwvp | = 37 [ Mewp 4)
Cpc Mpc
where M = |Misol + [Mcwvpl + Mpc and [Cisol +
|Ccrvpl| + Cpc = 1. This relation allows to define the
contribution of each component.

3. Earthquake migration uncovering a deep
magma transfer in May-June 2018

The spatio-temporal distribution of earthquakes af-
ter CMT inversion is shown in Figure 1. Events are
roughly aligned along a NW-SE structure with deeper
earthquakes at the NW and shallower events at the
SE (Figure 1a). Although our centroid locations are
globally consistent with other catalogs (see compar-
ison with GCMT and Cesca et al. [2020] in Supple-
mentary Figure 1), there are some differences that re-
sult from the use of different Earth models, frequency
bands and choice of seismological stations. For ex-
ample, Cesca et al. [2020] use 1D velocity models
and includes the local strong-motion station YTMZ
(mitigating clock drifting issues by inverting for time-
shifts at each station). In contrast, our study is based
on a 3D global velocity model and does not include
YIMZ. As shown in Figure 1b, the seismic events
migrate upward along this NW-SE structure from a
depth of ~35 km toward the surface between mid-
May and early June 2018. This seismicity migration is
a robust feature that is clearly visible in multiple cat-
alogs (GCMT, Cesca et al. [2020] and Lemoine et al.
[2020]; cf., Supplementary Figure 1). These migrat-
ing earthquakes have been interpreted as the mark-
ers of a deep magma transfer at the origin of the
new volcano evidenced by Feuillet [2019]. Magma
likely originated from one or multiple reservoirs or
mushes located at depth ranging from 25 and 60 km
depending on the estimates [Lemoine et al., 2020,
Cesca et al., 2020, Feuillet et al., 2021]. The abso-
lute centroid depth of earthquakes might depends on
the assumed local velocity structure, which is poorly
known in the vicinity of Mayotte [Cesca et al., 2020,
Dofal et al., 2021].

Earthquake migration associated with magma
transfer has been observed in many volcanic areas
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Figure 1. Spatial distribution of moment tensor solutions for the deviatoric inversion. (a) The (lower
hemisphere) beachballs are positioned on the map at the estimated centroid locations. Colors corre-
spond to the centroid depth. The red triangle indicates the position of the volcano [REVOSIMA/IPGP,
2019]. The two side panels are NS and EW vertical cross sections including beachball visualized from
the W and S respectively (back hemisphere beachballs). (b) Vertical A-B cross section. Back hemisphere
beachballs (visualized from the SW) are colored according to the event date. Color scale starts on May 14,
2018 (red) and ends on June 27, 2018 (blue). The position of the volcano at the free surface is indicated

with a red triangle.

such as the Baroarbunga volcanic system in Iceland
[Sigmundsson et al., 2015, Agﬁstsdéttir et al., 2016],
the Kilauea volcanoes in Hawaii [Neal et al., 2019,
Lengliné et al., 2021] and the Piton de la Fournaise
volcano in La Réunion [Battaglia et al., 2005, Lengliné
et al,, 2016, Duputel et al., 2019]. However, as noted
by Cesca et al. [2020] and Feuillet et al. [2021], deep
crustal earthquakes associated with deep magma
transfer is less common. Such seismicity at depths
larger than 10 km has been previously observed at
Lo’ihi and Kilauea volcanoes in Hawaii [Wolfe et al.,
2003, Merz et al., 2019]. Deeper seismicity associ-
ated with volcano eruption has also been reported in
La Palma [Torres-Gonzalez et al., 2020], with event

magnitudes ranging from 0.9 to 2.7 and a depth
range of 12 to 33 km, which is comparable to what is
observed offshore of Mayotte.

The occurrence of such an intense upward mi-
grating seismicity along with the birth of a new vol-
cano clearly indicate that the earthquakes are caused
by a deep magma transfer offshore Mayotte. This
sequence is striking for the occurrence of several
events of relatively large magnitude (M,, = 5), which
is uncommon in an area formerly considered to be
a moderately seismic region. To further analyze the
relationship between earthquakes and the migrating
magma, our moment tensor estimates are discussed
in the next two sections.
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4. Moment tensor solutions consistent with re-
gional stresses

Moment tensor solutions together with centroid
depth, station coverage, and the percentage of CLVD,
ISO and DC components are listed in Figures 2 and
3. For each earthquake, deviatoric moment tensor
(DMT), full moment tensor (FMT) and double cou-
ple (DC) solutions are depicted in red, gray and blue,
respectively. DMT and FMT solutions are very similar
for most earthquakes, with only minor differences.
Some shallow events are associated with large non-
DC components, hence with significant differences
between DC and moment tensor solutions (i.e., FMT
and DMT). This is evidenced in the Hudson diagram
[Hudson et al., 1989] presented in Figure 4(a), show-
ing that several earthquakes have a non-negligible
CLVD and ISO components. The origin of such large
non-DC components is discussed in Section 5.

The dominant strike-slip regime is obvious: al-
most all earthquakes present a right-lateral strike-
slip focal mechanism with a relatively consistent
strike angle. This is also visible in Figure 4(b), with
P and T axes showing NE-SW extension and NW-SE
compression, which is similar to the GCMT catalog
and Cesca et al. [2020]. Even earthquakes with a large
non-DC component are consistent with this orien-
tation of the principal axes. This observation is in
good agreement with regional GNSS observations in
the region of the Comoros archipelago [Stamps et al.,
2018, Lemoine et al., 2020]. Using a combined stress
inversion of focal mechanisms, deformation struc-
tures and intrusions, Famin et al. [2020] found that
the Comoros archipelago experiences a dextral shear
deformation with maximum compressive horizon-
tal stress in the NW-SE direction and NE-SW exten-
sion. More locally, earthquakes offshore eastern May-
otte are located beneath a volcanic ridge that exhibits
multiple NE-SW extensional features consistent with
the direction of our T-axes [Feuillet et al., 2021].

VT earthquakes are generally considered to be
brittle ruptures within the volcanic edifice triggered
by stress perturbations induced by magma activity.
However, different relationships have been observed
between VT earthquakes and magma intrusions. In
particular, Roman and Cashman [2006] showed that
basaltic volcanoes are often associated with migrat-
ing earthquakes ahead of the dike tip with focal
mechanism P-axes parallel to the regional maximum

compressive stress [i.e., dike propagation model;
Ukawa and Tsukahara, 1996], while other sequences
on strato-volcanoes depict random hypocenter dis-
tributions around inflating dikes with focal mecha-
nisms presenting P-axes rotated ~90° from the max-
imum compressive regional stress [i.e., dike inflation
model; Roman, 2005]. These differences are likely re-
lated to a number of factors including the existence
of pre-existing faults in the vicinity of the dike, the re-
gional stress-field and the properties of the ascend-
ing magma.

Observations at the onset of the Mayotte volcano-
seismic crisis with migrating seismicity associated
with focal mechanisms parallel to regional stresses
are more consistent with the dike propagation model
proposed by Ukawa and Tsukahara [1996]. The ob-
servation of basanitic pillow lava flows following the
eruption [reported by Feuillet et al., 2021] thus con-
firms the idea that VT seismicity at Mayotte reflect
stress changes induced by dike propagation. More-
over, given their large magnitudes (M,, = 5.0), the
earthquakes observed at the onset of the sequence
probably do not correspond to ruptures of previously
intact rocks and rather occur on pre-existing faults
that are already loaded by regional stresses. This
agrees with stress calculations of Rubin and Gillard
[1998], showing that VT events larger than magni-
tude 1.0 likely occur on pre-existing structures al-
ready close to failure. This is also confirmed by ob-
servations on volcanoes indicating that earthquakes
triggered by dike migration usually occur on pre-
existing fault systems [Gargani et al., 2006, Lengliné
etal., 2016, Duputel et al., 2019].

5. Non-DC component of shallow earthquakes

As pointed out in the previous section, several VT
earthquakes are associated with alarge non-DC com-
ponent during the Mayotte sequence (see Figures 2—
4). As shown in Figure 5(a), most of earthquakes
with large non-DC components (>50%) correspond
to events shallower than 15 km. We do not ob-
serve any correlation of non-DC components with
the event magnitudes. Similar non-DC components
have also been reported by Cesca et al. [2020]. To
assess the impact of such large non-DC component
on waveform fits, we evaluate the ratio of RMS mis-
fits computed for the FMT and DC solutions. Results
shown in Figure 5(b) indicate a relatively moderate
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Figure 2. Moment tensor solutions for the events analyzed in this study. In red, gray and blue are
the beachball obtained from the deviatoric moment tensor (DMT), full moment tensor (FMT), and
double couple (DC) inversion, respectively. For each earthquake we present the number of channels,
the azimuthal gap of the station coverage, depth and the beachball along with the corresponding CLVD,

ISO and DC percentage.
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Figure 3. Moment tensor solutions for the events analyzed in this study. In red, gray and blue are
the beachball obtained from the deviatoric moment tensor (DMT), full moment tensor (FMT), and
double couple (DC) inversion, respectively. For each earthquake we present the number of channels,
the azimuthal gap of the station coverage, depth and the beachball along with the corresponding CLVD,

ISO and DC percentage.
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overall reduction of data misfit when inverting for
the full moment tensor (i.e., FMT) compared to a DC
parametrization. Here, we recall that FMT and DC so-
lutions are inverted independently (i.e., DC parame-
ters are not estimated by decomposing the FMT so-
lution). Unsurprisingly, the reduction of data misfit
increases as a function of the non-DC percentage,
showing that a DC source cannot fit data as well as
a FMT solution for earthquakes with a large non-DC
component. This is illustrated in Figure 6 showing the
waveform fit of FMT and DC solutions for the earth-
quake with the largest non-DC component (event
ID 2018-06-05 T23:02 in Figure 2). FMT and DMT

solutions being very similar for this earthquake, we
only show synthetics of the FMT solution. The dete-
rioration of waveform fit for the DC solution is visi-
ble at multiple stations (see ABPO, FOMA, LODK and
ATD in Figure 6).

Different factors could explain the large non-DC
component of earthquakes: one possibility could be
crack opening/closure related to volcanic activity
(e.g., caldera collapse, dike inflation/deflation, per-
turbation of magma circulation, etc.). Another pos-
sibility could be related to mismodeling of a complex
source with a single point source model. Large non-
DC components related to dike inflation/deflation
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Figure 5. Percentage of non-DC components
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pleinversion. The colors indicate the days since
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have been previously reported in Iceland [Hrubcova
et al., 2021] for smaller magnitude VT earthquakes
(1 < M < 4). Rodriguez-Cardozo et al. [2021] reported

230 VT earthquakes from 3.7 < M,, < 5.5 and depths
between 1-8 km, some of them with considerable
non-DC components in the collapse of the Bardar-
bunga caldera, Iceland. In particular, they observed
that the CLVD component increases with the magni-
tude, relating it to slip on a curved fault and to the
caldera collapse.

However, given the moderate magnitude of earth-
quakes that we investigate, and the long-period
waveforms used in the inversion, the effect of source
complexity seems quite unlikely to be the origin
of misfit. Finally, there is the possibility of a spuri-
ous origin (e.g., contamination by ambient noise or
inaccuracies in the Earth model).

In the following, we explore the possibility that the
non-DC events observed offshore Mayotte could cor-
respond to the combination of strike-slip motion and
dike opening/closing associated with magma prop-
agation. From the equations provided by Dufumier
and Rivera [1997, appendix A], we write the surface
area of an opening crack as:

3MP
S =
2uAu

®)

where Mé) is the second largest eigenvalue of the
deviatoric moment tensor (i.e., MZD = M, - (M; +
M, + M3)/3, p is the shear modulus, and Au is the
opening of the dike. If we assume a square dike of
characteristic length L, we can write

3MP
L= . (6)
2ulu

Assuming that magma is migrating within the open-
ing/closing dike at the timescale of the earthquake
source duration, we estimate the average velocity of
the migrating magma as:

3MpP
Va7 (7
2uAuTy
where T; is the source duration. We can also estimate
the magma flow rate F as:

F=VLAu 8)

D

_ 3M,
2uT,’
We then estimate the average magma propaga-
tion velocity for each event to evaluate if the non-
DC component could be related to fluid transport.
We consider dike widths (Au) ranging from 0.5 m

9)
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Figure 6. Waveform fit for event 2018-06-06 09:37. Observations (black) are compared with predictions
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represented at the top of the figure, respectively.

to 10 m. The former value corresponds to a width typ-
ically observed on basaltic volcanoes, and the latter
is an extremely large value to get a lower bound esti-
mate of the velocity [Rubin, 1995]. For the FMT solu-
tions obtained in this study, we estimate source du-
ration assuming T, = 2¢;, where £ is the time-shift
between the origin time and the centroid time. Cen-
troid time-shift has been proven to provide reliable
rupture duration estimates that are less affected by
long tails in moment rate functions and by arbitrary
modeling choices [Duputel et al., 2013, Meier et al.,
2017]. For solutions provided by Cesca et al. [2020],
we assume the scaling relation T, = 0.6 x 1078 M}/3
[Duputel et al., 2012] since no centroid times are in-
verted for this catalog. Figure 7 shows the magma mi-
gration velocities estimated using (7) with both the
Cesca et al. [2020] catalog and our solutions. Esti-
mated velocities range from 44 m/s to 1565 m/s and
from 9.9 m/s to 350 m/s for dike openings of 0.5 m
and 10 m, respectively. Even considering dike open-
ing of 10 m, most non-DC events are associated with
unreasonably large magma migration speeds greater
than 100 m/s. For comparison, a rough estimate of
the upward migration speed of earthquakes suggest

that the dike propagated at an average velocity of
0.05 m/s between 2018/05/19 and 2018/06/08 (see
Supplementary Figure 2). To remove any dependency
on the dike width, we also estimate the magma flow
rate in Figure 8 using (9). The estimated flow rates
are globally much larger than the average flow rate
of 180 m3-s~! estimated by Feuillet et al. [2021].
Shallow moderate magnitude (M = 5) events with
significant non-DC components have been previ-
ously observed around active volcanoes. Such earth-
quakes have been associated with caldera collapses
driven by pressure variations in magma reservoirs
[e.g., Ekstrom, 1994, Shuler et al., 2013, Duputel et al.,
2019], migration of hydrothermal fluids, perturba-
tion of magma and circulation of gases through shal-
low conduits [e.g., Chouet and Matoza, 2013], reso-
nance of the fluids [e.g., Maeda and Kumagai, 2017]
or complexities in the source [e.g., curved fault slip
Rodriguez-Cardozo et al., 2021]. During caldera col-
lapse events, we expect to have many focal mecha-
nisms with vertical T or P axes [Shuler et al., 2013,
Duputel and Rivera, 2019]. Even if strike-slip earth-
quakes occasionally occur on ring fault systems [cf.,
Rodriguez-Cardozo et al., 2021], there is currently no
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etal., 2021].

indication of any caldera collapse at the location of
the distal seismic swarm. There are indications of a
resonating magma body (at the origin of VLP signals)

with a structure possibly outlining a caldera, but this
structure is located closer to Mayotte, in the vicinity
of the so-called proximal swarm [Feuillet et al., 2021,
Cesca et al., 2020]. Dike resonance also appears un-
likely as these phenomena are more typically associ-
ated with very long-period signals with marked peak
frequencies, while earthquakes studied here have a
frequency content similar to regular VT earthquakes.

As mentioned above, large non-DC components
can also be associated with spurious origin such as
ambient noise or inaccuracies in the Earth model
[Sﬂeny, 2009, Kumar et al., 2015]. This seems to be
the case in Mayotte as DC solutions fit that data
almost as well as FMT solutions (cf., Figures 5 and 6);
suggesting that the studied earthquakes correspond
to pure-shear ruptures. Moreover, as shown in Sup-
plementary Figure 3, the non-DC part of moment
tensors often differs between catalogs. In particular,
Cesca et al. [2020] suggests positive isotropic com-
ponents and negative CLVD for most events while
our catalog is dominated by negative isotropic com-
ponents and positive CLVD. Such variability among
catalogs is consistent with bootstrapping results of
Cesca et al. [2020], showing that the non-DC com-
ponents are generally poorly resolved. Uncertainty
in the moment tensor solutions increases at shal-
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low depth [Morales-Yanez et al., 2020, Fukao et al.,
2018, Sandanbata et al., 2021]. The enhanced non-
DC component of shallow earthquakes could be an
artifact due to the mismodeling of the crustal struc-
ture in the source region. Depending on the velocity
models, the Moho depth in the Mayotte area varies
from 5 to 30 km [e.g., Coffin et al., 1986, Laske et al.,
2013, Bassin et al., 2000, Pratt et al.,, 2017, Cesca
et al., 2020]. While our 3D Earth model is based on
CRUST2.0, which assumes an oceanic crust of thick-
ness 12.5 km, Dofal et al. [2021] proposed recently
that the region corresponds to a 17 km-thick conti-
nental crust overlying a magmatic underplated layer
defining a second interface at a depth of ~27 km.

6. Conclusion

Characterizing the source of earthquakes off the east
coast of Mayotte is essential to understand the link
between magma transport and seismic faulting in
the region. Consistently with other catalogs, our CMT
solutions indicate an upward migration of seismic
events at the onset of the Mayotte seismo-volcanic
crisis. Although the region remains seismically ac-
tive as of January 2022, the largest earthquakes of the
sequence with magnitude M,, = 5.0 occurred dur-
ing this initial phase in May-June 2018. Most earth-
quakes have a strike-slip mechanism in agreement
with regional stresses in the Comoros archipelago.
Our catalog along with solutions by Cesca et al.
[2020] and GCMT include some shallow events as-
sociated with large non-DC components that could
have been interpreted as opening or closing of sub-
vertical dikes. However, our analysis indicate that
these large non-DC components are probably not
physical (i.e., not related to dike opening/closing)
and are rather artifacts induced by mismodeling
due to inaccuracies in the shallow velocity structure.
The migration of earthquakes along with the con-
sistency of focal mechanism with regional stresses
suggest that seismic events are triggered by stress
perturbations induced by the upward propagation
of magma. Given their large magnitudes (i.e., up to
M,, =5.9), the triggered seismic events likely oc-
cur on pre-existing strike-slip faults already loaded
by ambient stresses. This volcano-seismic sequence
thus demonstrate how a magma intrusion can induce
relatively large earthquakes even in a moderately
seismic region.
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Abstract. The seismic crisis that began in May, 2018 off the coast of Mayotte announced the onset
of a volcanic eruption that started two months later 50 km southeast of the island. This seismicity
has since been taken as an indicator of the volcanic and tectonic activity in the area. In response
to this activity, a network of stations was deployed on Mayotte over the past three years. We used
the machine learning-based method PhaseNet to re-analyze the seismicity recorded on land since
March 2019. We detect 50,512 events compared to around 6508 manually picked events between
March 2019 and March 2021. We locate them with NonLinLoc and a locally developed 1-D velocity
model. While eruptions are often monitored through the analysis of Volcano-Tectonic (VT) seismicity
(2-40 Hz), we focus on the lower frequency, Long Period (LP) earthquakes (0.5-5 Hz), which are
thought to be more directly related to fluid movement at depth. In Mayotte, the VT events are spread
between two clusters, whereas the LP events are all located in a single cluster in the bigger proximal
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VT cluster, at depths ranging from 25 to 40 km. Moreover, while the VT earthquakes of the proximal
cluster occur continuously with no apparent pattern, LP events occur in swarms that last for tens of
minutes. We show that during the swarms, LP events generally migrate downward at a speed of 5 m/s.
While these events do not appear directly linked to upward fluid migration, their waveform signature
could result from propagation through a fluid-rich medium. They occur at a different location than VT
earthquakes, also suggesting a different origin which could be linked to the Very Long Period events
(VLP) observed above the LP earthquakes in Mayotte.

Résumé. La crise sismique qui a commencé a I'Est de I'lle de Mayotte en mai 2018 a précédé de
deux mois le début d'une éruption volcanique a 50 km au Sud-Est de I'ile. Cette sismicité est utilisée
depuis comme indicateur de l'activité volcanique et tectonique de la zone. Un réseau de stations
a été déployé a Mayotte durant les trois derniéres années en réponse a cette activité. Nous avons
utilisé la méthode de machine learning PhaseNet afin de ré-analyser la sismicité enregistrée a terre
depuis mars 2019. Nous avons identifié 50 512 événements entre mars 2019 et mars 2021, alors que
le nombre d’événements identifiés manuellement durant la méme période était limité a 6508. Nous
avons localisé les événements grace a I’algorithme NonLinLoc associé a un nouveau modele de vitesse
1D local. Alors que les éruptions volcaniques sont souvent suivies grace a 1'analyse de la sismicité
volcano-tectonique (VT, 2-40 Hz), nous nous sommes concentrés sur les séismes longue période (LB,
0.5-5 Hz), qui sont souvent associés a des mouvements de fluides en profondeur. Les séismes VT sont
répartis dans deux zones géographiquement distinctes alors que les LP sont restreints a la zone la plus
active et proche de I'lle de Mayotte, avec des profondeurs entre 25 et 40 km. De plus, alors que les
VT semblent se produire de maniere continue sans organisation apparente, les LP se produisent en
essaims qui durent quelques dizaines de minutes. A travers cette étude nous avons montré que lors
d’un essaim, les séismes LP migrent vers le bas a une vitesse de 5 m/s. Ces événements ne semblent pas
directement liés a un mouvement de fluides vers la surface, mais leur forme d’onde pourrait indiquer
une propagation a travers un milieu riche en fluides. Ils se produisent en un lieu différent des séismes
VT, suggérant aussi une source différente qui pourrait étre liée aux événements de tres longue période
(VLP) qui sont observés a I'aplomb des séismes LP.

Keywords. Volcano, Mayotte, Seismicity, Machine learning, Long Period, Volcano-Tectonic, Phase
picking.

Mots-clés. Volcan, Mayotte, Sismicité, Machine learning, Longue période, Volcano-tectonique, Pointé
de phase.
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1. Introduction

Seismicity usually accompanies volcanic activity. For
this reason, it is often used to monitor volcanoes to
assess or predict their activity [Chouet and Matoza,
2013] and to anticipate the onset of an eruption [e.g.,
in Piton de la Fournaise, Peltier et al., 2009]. On re-
mote or inaccessible volcanoes [e.g. Axial seamount
Wilcock et al., 2016], seismic signals provide one of
the few continuous sources of information directly
related to volcano behavior. In Mayotte, the vol-
canic eruption was first indicated through a strong
episode of seismicity [Cesca et al., 2020, Lemoine
et al., 2020].

Mayotte is one island of the Comoros archipelago,
situated between Africa and Madagascar (Figure 1a).
While the origin of the archipelago was associated
with a hotspot, recent studies define the area as
a shear zone separating the Somalia and Lwandle
plates [Famin et al., 2020, Dofal et al., 2021]. Before

2018, the seismicity of the archipelago was moder-
ate [Bertil and Regnoult, 1998, Bertil et al., 2021]. The
only volcano known to be active was Karthala, lo-
cated on Grande Comore, the westernmost island of
the archipelago [Bacheélery et al., 2016]. The strong
burst of seismicity east of Mayotte that started on
May 10th, 2018, with the largest event (magnitude
Mw 5.9) on May 15th [Cesca et al., 2020, Lemoine
et al., 2020], surprised the inhabitants of the is-
land, the authorities, and the scientific community.
A month later, strong deformation signals were ob-
served on a permanent Global Navigation Satellite
System (GNSS) station, indicating a likely deforma-
tion source to the east of the island [Briole et al.,
2018]. Finally, in May, 2019, a new active volcano was
discovered 50 km east of Mayotte during a scien-
tific campaign [Mayobsl1, Deplus et al., 2019, Feuil-
let et al., 2021]. The erupted volume and duration
[about 6 km® and over two years, REVOSIMA-IPGP,
2021] of this underwater eruption is unprecedented
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in the recent history and is second only to the 1783
Laki eruption that lasted eight months and produced
14.7 + 1.0 km? of basaltic lava flows [Thordarson and
Self, 1993]. The underwater volcanic edifice reached
a height of 800 m in one year [REVOSIMA-IPGP,
2021].

The Mayotte submarine eruption was first sus-
pected through the intensity of the seismicity cri-
sis that began on May 10th, 2018. The seismicity is
on-going and indicates continuing activity of the sys-
tem. Studying this seismicity is crucial for under-
standing this dynamic process and its future evolu-
tion. Because no strong seismicity episode or vol-
canic activity was expected, no seismic monitor-
ing network or monitoring procedures were in place
in 2018 and only one permanent seismic station
was maintained on the island by the BRGM [RESIF,
1995, Bureau de recherches géologiques et miniéres].
French scientific institutions organized to monitor
the activity with an improved land network and
through campaigns at sea, which lead to the cre-
ation of the REVOSIMA (Réseau de surveillance vol-
canologique et sismologique de Mayotte) in 2019.
Thanks to this effort, several seismic stations were in-
stalled on land and on the ocean bottom to better
characterize the seismicity [Saurel et al., 2022]. Before
this work and its operational implementation [Retail-
leau et al., 2022], the seismicity was identified and
located mostly manually, which limited catalogs to
the strongest activity [usually events greater than M
3; Saurel et al., 2022].

Automatic picking procedures are widely used
to analyse large, continuous datasets that can not
be easily analysed though hand picking. Automated
methods have been extremely useful for real-time de-
tection, when it is not possible for an analyst to con-
tinuously pick events, and for reanalysis of long time
series. Different automatic detection methods have
been used for earthquake detection, ranging from
short term/long term amplitude ratios [e.g. STA/LTA,
Allen, 1978] to template matching [Shelly et al., 2007,
Ross et al., 2019]. While the former is efficient, it
may not be effective for detecting small events, es-
pecially under noisy conditions. Template matching,
on the other hand, can detect very small events (with
magnitudes less than 1). However, it is computer-
intensive and requires prior information in the form
of template waveforms, which limits its ability to de-
tect seismicity changes. We use the machine learn-

ing method PhaseNet [Zhu and Beroza, 2019], which
allows fast picking of phases while being able to pick
small events without prior information. It also iden-
tifies both P and S waves, which is crucial for more
accurate automatic location.

A wide range of seismic signals are generated
by active volcanoes, and they reflect the diver-
sity of source mechanisms [Chouet and Matoza,
2013]. Volcano-Tectonic earthquakes (VT), the most
common events, are discrete events with a broad
frequency band (2-40 Hz) that are linked to shear
failure due to the destabilization of the volcanic ed-
ifice. Another common type of seismicity is Long
Period earthquakes (LP) which have a narrower and
lower frequency band than VT events (0.5-5 Hz).
LP earthquakes are usually attributed to resonance
in fluid-filled conduit excited by magmatic mo-
tion [Chouet, 1996]. Several authors [Shapiro et al.,
2017, White and McCausland, 2019] have shown
that deep LP events may be precursors of eruptions,
making their analysis crucial. In this paper our in-
terest was to detect comprehensively the seismic-
ity and to discriminate between these two main
types of events. We analyse their characteristics in
the Mayotte system with a focus on LP behavior.
We also note the observation of Very Long Period
events [VLP or VLE Cesca et al., 2020, Lemoine
et al., 2020, Feuillet et al., 2021, Laurent et al., 2020].
These events have monochromatic signatures and
do not have common earthquake characteristics. For
this reason, PhaseNet does not detect VLP events,
and we do not present their analysis; however, we
discuss their observation and their links to other
events.

We analyze two years of continuous data recorded
by the stations installed on the island of Mayotte
using the machine learning-based method PhaseNet
[Zhu and Beroza, 2019]. We assess the robustness of
P- and S-phase arrival picking by comparing with
manual picks from two different catalogs. We as-
sociate events when enough phases are detected,
and then proceed to locate them. We separate the
VT and LP earthquakes through their frequency
characteristics and compare their locations and
timing.
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Figure 1. (a) Map of Mayotte with the land stations used in this study (orange triangles). The new volcano
is represented with the red triangle. The see-through black dots represent the 50,512 earthquakes located
in our study. (b) Days processed for the detection for each station (orange). (c) Total number of stations

processed over the period.

2. Seismicity identification

We detail in this section the event detection process
through phase arrival, automatic picking, and event
association.

2.1. Automatic detection in continuous time se-
ries with PhaseNet

Only one seismic station was installed on the is-
land of Mayotte before the seismic crisis started

[RA.YTMZ RESIF, 1995]; however, the seismic net-
work was progressively extended on the island to
record a more extensive dataset, improve the de-
tection level, and increase the location precision of
earthquakes [Saurel et al., 2022]. To monitor the early
part of the crisis, the regional stations on Grande
Comore and Madagascar islands had to be used to
locate events, which did not allow precise locations
[Lemoine et al., 2020]. Since March 2019, the per-
manent continuous real-time seismic network has
been extended with 2 accelerometers, 4 broadband
stations (flat response down to 20 or 120 s), and 2
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short-period low-cost stations (flat response down
to 1 Hz). Since then, the network aperture has been
wide enough to allow stable and robust automatic
detection and location of the seismicity with at least
4 stations. Figure 1a shows the stations used on the
island of Mayotte for this study and Figure 1b shows
data availability for each station throughout the pe-
riod of interest. The number of stations for which
data is available with time is summarized on Fig-
ure lc. Except for a few weeks in June and August
2019, there are always at least 6 stations available. All
stations but one feature 3-component sensors with a
sample rate higher than 50 Hz.

We use the PhaseNet algorithm to identify P-
and S-phase arrivals on the continuous archived
data. PhaseNet is a deep-neural-network-based
method trained on numerous earthquakes in
northern California to pick and identify phases on
3-component seismograms [Zhu and Beroza, 2019].
It generalizes well enough to have been success-
fully used in diverse tectonic contexts, including: the
Ridgecrest earthquake sequence [Liu et al., 2020], in-
duced seismicity in Arkansas [Park et al., 2020], and a
year of seismicity in the Appenines [Tan et al., 2021].

We first filter the data with a 0.4-45 Hz frequency
band filter, remove the instrument response, then re-
sample at 100 Hz and split into 30 s windows with
a 50% overlap. Finally, this data is sent to PhaseNet
for pick estimation. For the vertical-only station
(AM.RAE55), we add two 0-filled vectors of data as
dummy horizontal channels before sending the data
to PhaseNet.

We extract all the picks of the different stations. An
event is declared when at least 10 P and S picks are
within the expected time window for events in the
area (2 s time window after the first arrival for the P
waves and 8 s time window starting 4.5 s after the first
P arrival for the S waves).

2.2. Pick quality estimated from manual cata-
logs

PhaseNet was trained on tectonic events. To test how
well it generalizes for events that occur in a volcanic
environment, we compare its arrival time measure-
ments to reference arrival time measurements per-
formed by skilled analysts. In principle, such a com-
parison between several observations quantifies un-
certainties of arrival-time determination of hand-

picked data [Diehl et al.,, 2012]. It has also been
used for performance assessment of various auto-
matic picking procedures [Dai and Macbeth, 1995,
Leonard, 2000, Di Stefano et al., 2006].

For their analysis of the Mayotte seismo-volcanic
crisis, Cesca et al. [2020] and Lemoine et al. [2020]
built seismic catalogues through manual picking us-
ing the local station YTMZ. Consequently, we have
access to a dataset of events with two independent
reference manual estimations of P and S onsets be-
sides PhaseNet picks on YTMZ data. The first catalog
of manual picks (from BRGM) contains 1347 P on-
sets and 1326 S onsets hand-picked by several expert
analysts for events of magnitudes above M 3.5 de-
tected between May 10th, 2018 and December 5th,
2019 [Lemoine et al., 2020]. The second catalog (from
GFZ institute, GeoForschungsZentrum, Germany)
contains 5999 P and 5999 S hand-picked onsets re-
alized by a single expert analyst for events occurring
between May 10th, 2018 and February 28th, 2019
[Cesca et al., 2020].

We assess PhaseNet’s performance and accuracy
by comparing the arrival times automatically picked
on YITMZ continuous data by PhaseNet from the be-
ginning of the seismic crisis with the manually picked
arrival times for the events of the two manual cata-
logs. PhaseNet identifies the correct arrival for 99.6%
of P onsets and 98.4% of S onsets from the BRGM
catalog, forming a comparative dataset of 1342 com-
mon P-picks and 1305 common S-picks. Similarly,
PhaseNet identifies 97.7% of P onsets and 98.8% of
S onsets from the GFZ catalog, forming a compara-
tive dataset of 5858 common P picks and 5924 com-
mon S picks. Figure 2 show the time differences be-
tween the 3 catalogs and their statistical distribu-
tions, for the P-picks and S-picks, excluding outliers.
We estimate that two picks are consistent if the differ-
ence in arrival-time between them is less than 0.5 s
for P phases and less than 0.8 s for S phases. Out-
liers above the defined threshold mainly result from
event or phase mis-identifications. Among the 1342
P and 1305 S arrivals in common with BRGM, 22
(1.6%) and 102 arrivals (7.8%) are outliers, respec-
tively. Among the 5858 P and 5924 S arrivals in com-
mon with GFZ, 277 (4.7%) and 506 arrivals (8.5%)
are outliers, respectively. The two manual catalogs
have 915 common P arrivals, including 21 (2.3%) out-
liers; and 904 common S arrivals, including 23 out-
liers (2.5%). Hence, manually hand-picked datasets
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show less incoherent picks for S arrivals.

In the following analysis, we only consider the ar-
rival time differences that have not been flagged as
outliers according to our criteria. Arrival-time dif-
ferences between independently hand-picked data
display a non-Gaussian distribution of pick time
differences. To assess the dispersion of pick time
differences, we compare the median value and the
interquartile range (i.e, containing the closest 25% of
the distribution around the median) as it is more suit-
able for describing non-Gaussian distributions. For
the two manual catalogs, the median of manual P
pick time differences is 0.01 s and the interquartile
range is 0.06 s (Figure 2a, bottom panel). Similarly,
the median and the interquartile range for manual S
picks time differences is 0.05 s and 0.19 s, respectively
(Figure 2b, bottom panel). These values are close to
the few values found in the scientific literature for
manual picks [Leonard, 2000, Di Stefano et al., 2006].
It supports the common observation that the on-
set time for P phases are less difficult to measure in
a seismic signal than for S phases. In comparison,
the median and the interquartile range of the 1320 P
pick time differences between the BRGM catalog and
PhaseNet is 0.03 s and 0.04 s (Figure 2a, top panel).
The median and the interquartile range of 5581 P pick
time differences between the GFZ and PhaseNet cat-
alogs is 0.02 s and 0.05 s (Figure 2a, middle panel).
These values are close to those obtained between the
two manual catalogs even though the statistical pop-
ulation is larger. The precision of PhaseNet thus com-
petes with the precision reached by expert analysts.
More precisely, on average, PhaseNet automatic P
picks arrive a few milliseconds sooner than the corre-
sponding manual pick, which suggests a greater sen-
sitivity of the neural network to detect an early sub-
tle change in the signal at the true P onset. Regard-
ing S pick time differences, the median and the in-
terquartile range of the 1203 S picks time differences
between the BRGM and PhaseNet catalogs is 0.04 s
and 0.16 s (Figure 2b, top panel). The median and
the interquartile range of 5419 S picks time differ-
ences between GFZ and PhaseNet catalogs is 0.01 s
and 0.1 s (Figure 2b, middle panel). These values are
smaller than the pick time differences observed be-
tween the two manual catalogs. PhaseNet S picks are
more consistent with the manual picks from GFZ,
even though this catalog eventuates smaller magni-
tudes and presents a larger population. On average,

GFZ S picks arrive a few milliseconds sooner than
BRGM picks. Similarly, PhaseNet S picks arrive a few
milliseconds sooner than BRGM picks but a few mil-
liseconds after GFZ S picks. These results are a repre-
sentation of the picking precision among the differ-
ent methods when a phase is correctly identified.

The distribution of arrival differences for S onsets
without removing outliers above 0.8 s shows a recur-
rence of a systematic picking difference at +1.2 s for
approximately 44 picks (3%) for the first compara-
tive dataset BRGM-PhaseNet and 188 picks (3%) for
the second GFZ-PhaseNet comparative dataset (Sup-
plementary Figure 9). Such a large pick difference
suggests a misidentification of the S onset with a
precursory seismic arrival. Indeed, the Mayotte seis-
mic sequence occurs within a complex volcanic and
underwater environment, which may generate com-
plex seismic waveforms, including P-to-S or a S-to-P
phase conversion which are actually expected to ar-
rive approximately one second before the S phase
arrival time [Garmany, 1989]. Here, PhaseNet auto-
matic S picks are confused a few times with those
precursory arrivals but the confusion has also been
seen on some S picks in the catalogs picked man-
ually by expert analysts. It is also possible that the
manual training data contained misidentified picks,
thus generating these erroneous picks. Further neu-
ral training could possibly help correct the confusion
between a precursory arrival and an S pick that some-
times happens with PhaseNet.

2.3. Event location

An advantage of PhaseNet over other auto-picking al-
gorithms is its ability to pick and identify both P and
S waves, when picking methods usually only identify
the P-wave arrivals. The addition of S waves allows
much more precise locations and event depth con-
straints, which is crucial for accurate hazard assess-
ment. In Mayotte, stations have a limited azimuthal
coverage, which makes earthquake location, and par-
ticularly depth resolution, particularly challenging.
Each declared event with a set of P and S picks
is located with NonLinLoc [Lomax, 2008] using a
local 1D velocity model for the east of Mayotte
[Lavayssiere et al., 2022]. This model was developed
with the code VELEST [Kissling et al., 1995] using
the 813 most robust earthquake locations (i.e., events
with at least 30 phases recorded, azimuthal gap <
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Figure 2. (a) P-pick time differences (left, for each event; right, distribution for all events). From top to
bottom: comparison between PhaseNet and BRGM catalogs, comparison between PhaseNet and GFZ
catalogs, comparison between GFZ and BRGM catalogs. Outliers are not represented. (b) Same as (a) for
S-picks.

180°; horizontal error < 2 km and vertical error <
5 km). Lavayssiere et al. [2022] selected this subset
from events recorded in Mayotte between February
2019 and May 2020 and located manually [Saurel
et al., 2022]. The VELEST inversion used picks made
both on the land-stations and on Ocean Bottom Seis-

mometers (OBS) to get the most complete set of data
and the most well-constrained locations. The goal of
this model was to improve the daily monitoring by
having more accurate locations of the events using
only the land stations, which are all located to the
west of the seismicity.
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VELEST simultaneously estimates hypocenters
and a best-fit velocity model by minimizing the mis-
fit between the arrival times and model predictions
using both P- and S-wave arrival time data. In addi-
tion to the velocity model, Lavayssiere et al. [2022]
estimated station corrections to account for lateral
heterogeneity and variations in the velocity structure
at shallow depth beneath the stations. The velocity
model and station corrections obtained hence rep-
resent the best 1D approximation of the 3D subsur-
face structures of the region, which is essential for
accurate earthquake location.

Using the P- and S-arrival times identified by
PhaseNet with the new velocity model and station
corrections, we locate the events using the non-
linear probabilistic earthquake-location program
NonLinLoc [Lomax, 2008], which calculates a
maximum-likelihood hypocenter that represents
a global minimum misfit for the spatial location and
the origin time of each event.

We represent in Figure la the 50,512 events we
detected and located accurately. We only keep the
events with a final RMS lower than 0.2 s. As shown
by Saurel et al. [2022], the seismicity is located in two
clusters east of Mayotte: the proximal cluster with a
round shape close to the island and the distal cluster
with an elongated shape towards the new volcanic
edifice.

With this automatic detection and location pro-
cess, we were able to provide a more complete image
of the seismicity, particularly for the distal cluster. In-
deed, the catalog of seismicity built through the mon-
itoring work of RENASS (Réseau national de surveil-
lance sismique) and REVOSIMA and made available
by RENASS (http://renass.unistra.fr) contains 6508
events for the same period, about 8 times less com-
pared to our new catalog. Furthermore, this method
also allowed us to process two different types of seis-
micity: VT and LP earthquakes.

3. Comparative analysis between the VT and
LP events

Both VT and LP events are recorded by the seismic
stations installed in Mayotte. In this section we detail
how we separate them from each other and compare
their behavior.

3.1. Event separation

VT events are commonly observed on volcanoes.
These events have a broad frequency range, from
1 Hz to 40 Hz. They are called Volcano-Tectonic
earthquakes because their signature is difficult to
distinguish from regular tectonic earthquakes as
they are associated with shear failure driven by mag-
matic processes.

Most of the seismicity recorded daily by the
stations installed in Mayotte are VT earthquakes.
However, LP events are also recorded.

Different definitions have been proposed for LP
events [Chouet and Matoza, 2013]. They range from
long-period monochromatic signals to signals sim-
ilar to VT events but with lower frequency content.
The events we refer to as LP in Mayotte are similar
to VT events, with distinct P- and S-waves, but they
have a lower and narrower frequency band. Before
our frequency analysis, we filter each signal in a 0.4—
45 Hz frequency band, we remove the instrumen-
tal response and convert to displacement. Figure 3
shows the resulting signals and spectra of a VT and
an LP event recorded by the three component sta-
tions on May 21st, 2019, and March 11th, 2019, re-
spectively. The signals (Figure 3a,c) show clearly the
difference between the two types of events recorded
in Mayotte. The P wave of the VT event has a clear and
impulsive onset, while the emergent arrival is very
difficult to discern for the LP earthquake. The sig-
nal of the S wave can be identified on the horizon-
tal components for both the VT and LP events with a
lower dominant frequency for the LP event. Similarly,
the spectra shows that the VT event has a broader fre-
quency range than the LP event.

We use this frequency content difference to dis-
criminate between VT and LP events. Our approach
is similar to the Frequency Index (FI) proposed
by Buurman and West [2010] and Matoza et al.
[2014], however, we process the P- and S-waves sep-
arately.

For each event, we compute the amplitude ratio
of the mean spectrum in two frequency bands (a
narrow one at 0.5-6 Hz and a broad one at 0.5-30 Hz)
for both the P wave and the S wave on each station.
The LP events have a dominant frequency lower than
6 Hz. If the 0.5-6 Hz spectra is strong compared to
the broader 0.5-30 Hz spectra, the ratio between the
two is large and indicates an LP earthquake. On the


http://renass.unistra.fr

Lise Retailleau et al. 161
Z E N
a) 0ces ] __/«‘NWJ\WN
ROCCS5 - -M/—V\/\,NWW\/\ b
—  MilA- .
© YTMZ -—a-v———J\j\,/\/\/\/\rvvv-w
o g VMM :*"WWW""“M/\MW'WM
3 vzl ] MWW’W ]
R1EE2 - v——m—m«-oqj\/ywwvxw\/\/w Tl
= 0 6 10 0 6 0
> 6.
b) 10°
7]
g 1o
2 1084
=
v
2 10-°- 10
b 10104
T
100 10! 100 10!
Frequency, Hz Frequency, Hz
9 ROCCS J J
— YTMZA | ]
F— A~ AN ———v————ﬂ—v\/\/\'\/\/v\/\/\/\/\ ~ \/w\/\/\
S KNKLS /\'/\N\M ] \;\/\/\/\ ] N A
& PMZI e A\ AAAN N [N/  ——— A~
2 MTsE ‘\'J i VY1 ]
RlEEz-/\/\/\JV‘/‘/"\/'\/\/\/\/\/\/ __\__J\/\/\/\/ r—— "\
T T T T T T T T T T T
5 2 6 8 10 0 4 6 8 10 0 4 6 8 10
Time, sec Time, sec
d)
10771
£ 108 1084
=
s
9 107°
g 1071 10-104
wv

10° 10!
Frequency, Hz

100
Frequency, Hz

10?

100
Frequency, Hz

Figure 3. Signals (a,c) and spectra (b,d) of a VT earthquake (on May 21, 2019) (a,b) and a LP earthquake
(on March 11, 2019) (c,d) recorded by the 3-component stations deployed on Mayotte.

other hand, if the event has a broad frequency band,
the 0.5-6 Hz over 0.5-30 Hz spectra ratio is small,
indicating a VT earthquake. We compute the ratios
for all events, using the vertical component for the P
wave and an average of the horizontal components
for the S wave. Those ratios are then averaged over all
the stations for each event to limit the potential bias
of event-to-station path effect [discussed in Matoza
etal., 2014].

Figure 4 shows the resulting amplitude ratio dis-
tribution for all the events already manually classi-
fied. To correctly separate the VT earthquakes from
the LP earthquakes, we use the identifications made
by the analysts from Observatoire Volcanologique du
Piton de la Fournaise (OVPF), one of the Institut de
Physique du Globe de Paris (IPGP) French overseas
volcano observatories. The earthquakes recorded in
Mayotte are identified daily by the analysts of OVPF
since February 2020. The color of the dot in Figure 4
shows if the event was manually identified as a VT
earthquake (green) or an LP earthquake (yellow). Un-

surprisingly, the VT and LP earthquakes separate in
two distinct zones. Events of high P and S spectral
amplitude ratios are usually LP earthquakes because
the high ratios mean that the dominant frequency
band is shorter and lower (the 0.5-6 Hz amplitude
spectrum is high compared to the broad 0.5-30 Hz
amplitude spectrum). From these identifications we
separate the spectral ratio diagram in two areas for
VT and LP events (green and yellow color respectively
in Figure 4). The events are then automatically iden-
tified as VT or LP earthquakes depending on where
their P and S spectra land on the ratio diagram. Fig-
ure 5 represents the vertical component of station
KNKL for a few VT and LP earthquakes that have been
categorized through our process.

3.2. VT versus LP location and time evolution
differences

After identification of both VT and LP earthquakes
we compare their spatial and temporal behavior. For
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clarity we represent the events’ locations as event
count for both VT (in red hues) and LP (with yel-
low and blue contours) events on Figure 6. As ob-
served in previous publications [e.g. Lemoine et al.,
2020, Saurel et al., 2022] and already mentioned in
Section 2.3, the seismicity is spread over two clus-
ters. The proximal cluster is closest to the island of
Mayotte (about 10 km east) and has a circular shape.
Its depth range extends from 20 to 45 km depth.
The distal cluster is farther east and is aligned along
a N130° axis toward the new volcanic edifice (repre-
sented with the red triangle on Figure 6).

The VT earthquakes are spread over the two clus-
ters. We do not explore in this paper the short
scale-length spatio-temporal variability of the VT
seismicity, which will be analysed in a later study. Re-
markably, the LP earthquakes are only observed in
the center of the proximal cluster, over a 25-40 km
depth range (with most events between 30 and 37 km
depths as shown in Figure 6). In this central area, we
can see in map view that the density of VT events is

lower than in the rest of the proximal cluster, a region
which we later refer to as the proximal cluster VT gap.
This is not observable in the depth view because all
events and thus all the azimuths are shown, the south
and north sides masking the central part. We can also
note that, in map view, the VT cluster does not ap-
pear as a complete ring as shown by previous stud-
ies [e.g. Lavayssiere et al., 2022]. This is because we
plot the event count and most VT events are located
in the western part of the proximal cluster. There are
thus fewer VT events in its eastern part in compari-
son. Figure 1a does show clearly the circular shape.
Our catalog is dominated by VT earthquakes with
48,387 events compared to the 2125 LP events, as the
histogram in Figure 7a shows. For this reason, before
the development of this automatic processing, the LP
earthquakes in Mayotte had not been studied and
had only been systematically identified as LP through
the daily manual screening of continuous data at
OVPE which started in March 2020. Figure 7a shows
that the number of VT earthquakes decreased slowly
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Figure 5. Examples of (a) VT and (b) LP earthquakes early March 2019 after event separation.

after a maximum in April, 2019 with some variations.
The number of LP events is very small compared to
the number of VT events and no clear time evolu-
tion is apparent. To observe the temporal evolution
of event occurrence, we represent the normalized cu-
mulative rate of both the VT and LP earthquakes (Fig-
ure 7b). We estimate the mean seismicity rate over a
ten-event sliding window by computing the time dif-
ference between the 10th and the 1st event. We then
calculate the cumulate of this result. We normalize
the results to compare the time evolution of the two
types of events. While this representation may be a
little unnatural, it clearly shows that the temporal be-
havior of the VT and LP earthquakes is very differ-
ent. The VT activity is continuous with a significant
slowdown since April 2019, while the LP earthquakes
occur episodically in successive swarms. Several LP
events occur in a short while (usually less than one
hour), followed by a period of sparse activity. Figure 7
also shows that, while the VT activity dominates the
LP activity, the latter’s activity does not seem to di-
minish compared to the former.

4. Discussion

Using the ability of PhaseNet to pick and identify P-
and S-phases we detected over 50,000 earthquakes
and separate them into two categories. Indeed, while
the seismicity in Mayotte is dominated by VT earth-
quakes, there is also a substantial population of LP
events.

We separated events into these two categories to
compare their behavior. The events we define as LP
earthquakes look similar to VT earthquakes, but with
a lower dominant frequency. In Mayotte, the VT and
LP earthquakes also show distinct spatial and tem-
poral features. VT earthquakes are spread over both
zones of seismicity (proximal and distal clusters). The
VT seismicity of the distal cluster is the first seismic-
ity that was observed in 2018 [Lemoine et al., 2020,
Cesca et al., 2020, Feuillet et al., 2021]. It was asso-
ciated by the authors to magma migration through
a dyke feeding the eruption on the seafloor. With
its N130 orientation, it is also aligned with a pre-
existing ridge with numerous volcanic cones, indi-
cating that faults could have been reactivated by
the eruption. This orientation can also be found in
other regional geographic features on the seafloor
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[REVOSIMA-IPGP, 2021] and the VT seismicity in the
distal cluster can also be linked to the regional tec-
tonic context [Feuillet et al., 2021, Famin et al., 2020].

The proximal cluster is more complex, spread over
a broader area, and appears less directly linked to
the new volcanic edifice. This seismicity has been
linked to the deflation of the main magmatic reser-
voir [Cesca et al., 2020, Lemoine et al., 2020, Saurel
et al., 2022, Lavayssiere et al., 2022]. This was de-
duced because its activity started after the deflation
did [modelled from GNSS data, Lemoine et al., 2020].
Moreover, the structure of the seismicity in depth
is consistent with ring faults, further supporting the
theory of a reservoir below the seismicity. A main
reservoir around 40 km depth was suggested by geo-
barometry analyses of emitted lavas [Berthod et al.,
2021] and follows deformation models [Mittal et al.,
2022, REVOSIMA-IPGP, 2021]. The drainage of the
main reservoir could have generated shear failure or
reactivated faults. Indeed, numerous volcanic cones
and edifices can be observed on the seafloor above
the cluster [REVOSIMA-IPGP, 2021], suggesting a
large and complex pre-existing system.

Up to now, seismicity observations of the proximal
cluster of Mayotte have been focused on the VT seis-
micity. The LP seismicity is restricted to the proximal
cluster and seems concentrated towards the center
east of the cluster, with depths ranging from 25 km to
40 km, and thus directly above the depth suggested
by geobarometry and deformation models. This cor-
responds to a VT seismicity gap in the center of the
proximal cluster, also highlighted by previous studies
[Saurel et al., 2022, Lavayssiére et al., 2022]. A recent
tomography analysis by Foix et al. [2021] suggested
the presence in this area of a magma chamber be-
tween 30 and 50 km depth and a shallower zone of
mush and partial melt between 20 and 30 km depth.
This is supported by the conceptual model developed
by Mittal et al. [2022] which suggests the presence of
a porous mush next to the reservoir to explain the
deformation estimated through GNSS data. Similarly,
Lavayssiere et al. [2022] has suggested that the gapsin
VT activity could be associated with a magma storage
zone.

These observations suggest that the VT seismic-
ity might surround zones of storage [Lavayssiére
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et al., 2022] while the LP seismicity seems to be lo-
cated inside these same zones. Clarke et al. [2021]
showed that VT sources can appear as LP events
when the seismic propagation path passes through
highly attenuating areas, such as gas-saturated rocks.
They confirmed their laboratory observations using
Whakaari volcano shallow-event recordings. While
a scaling needs to be done in the Mayotte context,
this hypothesis could explain the LP seismicity lo-
cation in a VT gap as mentioned above. Both LP
and VT seismicity could share similar mechanisms,
but the LP seismic waves might travel through a few
kilometer-wide gas-saturated area that narrow and
lower their waveform spectral content. The similar-
ity of frequency content of LP earthquakes inside a
swarm, even with their varying depths, also agrees

with this idea. These events could be closer to VT
earthquakes in mechanism but with a different prop-
agation that lowers their frequency. Studies are on-
going to characterize time evolution and links be-
tween VT, LP and VLP types of seismicity.

We represent the depth of the LP earthquakes
through time in Figure 8 to focus on their evolution.
Figure 8a represents all LP earthquakes and shows
that the depths of these events are spread between
depths ranging from 25 to 40 km. There is no clear
long-term trend of depth change with time. We fo-
cus on the main swarms to observe the short-term
evolution of the events during a swarm. We flag an
LP as part of a swarm when at least 5 LP events oc-
cur within one hour around it. The resulting swarms
are represented on Figure 8b. For each swarm, we es-
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timate the depth migration speed of the LP earth-
quakes using a linear regression. We represent in
Figure 8c the estimated depth migration speed for
each swarm. The histogram shows that this speed is
mostly negative, implying that, during a swarm, the
LP earthquakes occur at increasing depth with time.
During a swarm, the LP earthquakes occur from their
shallowest location (around 25 km depth) to their
deepest location (around 40 km) at an average speed
(removing outliers) of 19.2 km-h~! or 5.3 m-s~!'. With
this average speed, the migration doesn't seem com-
patible with a migrating fluid (estimated for exam-
ple at a maximum of 0.3 m-s~! on Piton de la Four-
naise volcano by Duputel et al. [2019]). Those two ob-
servations suggests that these events are not linked
to an ascension of fluids. However, it coincides with
the ideas developed in the previous paragraph, and
these events could be associated with a propagation
through a gas-saturated conduit. Still, their down-
ward propagation remains unexplained.

Since the LP earthquakes occur at a different loca-
tion than the VT earthquakes, it means that their ori-
gin could be different. The LP swarms often coincide
temporally with very long period events (VLP) which
have been observed along with the rest of the activ-
ity and was one of the indicators that the activity had
a volcanic origin [Laurent et al., 2020, REVOSIMA-
IPGP, 2021]. This implies that their origins could be
linked. Although the origin of the LP events could be
linked to shear failure generating waves propagating
through a gas saturated medium, their trigger seems
to have a volcanic origin. A thorough analysis of the
links between the different signals will be the subject
of another study.

Our interpretation of the LP seismicity is still lim-
ited by the lack of focal mechanism solutions that
could help distinguish physical processes [Chouet
and Matoza, 2013]. The land stations are all dis-
tributed to the west of the seismicity, which makes it
difficult to obtain reliable focal mechanisms. Broad-
band OBS surrounding the seismicity in the east
would certainly help improve the event location’s
precision to better understand the process behind
this LP seismicity. They could also allow us to per-
form reliable focal mechanisms to help determine
whereas those LP events are volumetric sources or VT
sources travelling through a highly attenuating area.

5. Conclusions

The use of neural-network-based automatic picking
permitted us to precisely re-analyze the seismicity
linked to the volcanic system in Mayotte from March
2019 to March 2021. We detected and accurately lo-
cated 50,512 earthquakes which is close to 8 times
more than the 6508 earthquakes in the currently
available catalog (RENASS/REVOSIMA). This auto-
matic picking algorithm has been converted into an
operational automatic process to monitor the seis-
mic activity in Mayotte since March 2021 [Retailleau
et al., 2022]. We separated two types of events from
their frequency content as VT and LP earthquakes.
These two types of events show a different behav-
ior through time and space. While VT earthquakes
are spread over the two clusters observed throughout
the crisis, LP earthquakes are restricted to the cen-
ter of the VT proximal cluster. Moreover, VT earth-
quakes appear to occur continuously, decaying with
time, while LP earthquakes appear to happen episod-
ically in swarms and are on-going. Contrary to VT
earthquakes, LP earthquakes may propagate through
a fluid area that modified their waveforms and low-
ered their frequency content. Alternatively, their dif-
ferent location could imply a different source mech-
anism. In any case, their apparent link to VLP events
seems to imply a volcanic trigger, which still needs to
be explored.
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Abstract. In May 2018, the Mayotte island, located in the Indian Ocean, was affected by an unprece-
dented seismic crisis, followed by anomalous on-land surface displacements in July 2018. Cumula-
tively from July 1, 2018 to December 31, 2021, the horizontal displacements were approximately 21
to 25 cm eastward, and subsidence was approximately 10 to 19 cm. The study of data recorded by the
on-land GNSS network, and their modeling coupled with data from ocean bottom pressure gauges, al-
lowed us to propose a magmatic origin of the seismic crisis with the deflation of a deep source east of
Mayotte, that was confirmed in May 2019 by the discovery of a submarine eruption, 50 km offshore of
Mayotte [Feuillet et al., 2021]. Despite a non-optimal network geometry and receivers located far from
the source, the GNSS data allowed following the deep dynamics of magma transfer, via the volume
flow monitoring, throughout the eruption.

Résumé. En mai 2018, I'lle de Mayotte a été touchée par une crise sismique sans précédent, suivie
en juillet 2018 par des déplacements de surface a terre anormaux. En cumulé, du 1°7 juillet 2018
au 31 décembre 2021, les déplacements horizontaux étaient d’environ 21 a 25 cm vers l'est, et la
subsidence d’environ 10 a 19 cm. L'étude des données GNSS a terre, et leur modélisation couplée
aux données des capteurs de pression en mer, ont permis de conclure a une origine magmatique de la
crise sismique avec la déflation d’'une source profonde a 'est de Mayotte, confirmée en mai 2019 par
la découverte d'une éruption sous-marine, a 50 km au large de Mayotte [Feuillet et al., 2021]. Malgré
une géométrie de réseau non optimale et des récepteurs éloignés de la source, les données GNSS
ont permis de suivre la dynamique profonde du transfert magmatique, via la surveillance des flux
volumiques.

Keywords. GNSS, Pressure gauge, Volcano deformation, Mayotte, GRACE modeling, Joint inversion,
Fani Maoré.

Mots-clés. GNSS, Capteur de pression, Déformation volcanique, Mayotte, Modélisation GRACE, In-
version jointe, Fani Maoré.
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1. Introduction

In May 2018, the Mayotte island, located in the
Comoros archipelago, in the Indian Ocean, about
300 km north-west of Madagascar, was affected by
an unprecedented seismic crisis, with more than 300
earthquakes recorded per day at the beginning of the
crisis [Bertil et al., 2021, Cesca et al., 2020, Lavayssiére
et al., 2022, Lemoine et al., 2020, Feuillet et al.,
2021, Retailleau et al., 2022, REVOSIMA, 2019, Saurel
et al., 2022, Mercury et al., 2022]. The majority of

these earthquakes were of low magnitude (<2.0), but
several events of moderate magnitude (3.5 to 5.9)
were strongly felt, causing panic among the popu-
lation [Miki, 2021]. The largest event, of magnitude
My, =5.9, occurred on May 15. The earthquakes were
located 5-30 km offshore east of Mayotte with epi-
centers clustered between 5 and 15 km east of the
island and along an alignment of volcanic cones at
25 km east of the island, at depths ranging from
25 and 50 km [Bertil et al., 2021, Lavayssiére et al.,
2022, Lemoine et al., 2020, Feuillet et al., 2021, Retail-
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leau et al., 2022, REVOSIMA, 2019, Saurel et al., 2022,
Mercury et al.,, 2022]. As of May 2022, the seismicity
is still ongoing, although at a much lower intensity
and a mean of 10 low-magnitude events per day
[REVOSIMA, 2021].

In July 2018, the Institut national de l'information
géographique et forestiere (IGN), which is in charge
of the French Permanent GNSS (global navigation
satellite system) Network (RGP—réseau GNSS perma-
nent), started detecting anomalies in the time series
of the GNSS stations of Mayotte and issued a warn-
ing on the RGP web portal. The anomalous drifts of
coordinates were both horizontal and vertical. The
latter were intriguing because they could not be fit-
ted with dislocation models assuming crustal earth-
quakes in the area of the seismic crisis. The first elas-
tic simple models indicated a deflation source lo-
cated in a range of 30-60 km east of Mayotte, at a
depth of 25-50 km, depending on the model and
the time periods considered [Lemoine et al., 2020,
OVPE, 2019]. The large depth of the deformation
source was a strong indicator of a magmatic origin of
the phenomenon. Based on the observation of dead
benthopelagic fishes by the local population, the
scientific community quickly agreed on a submarine
volcanic origin of the phenomenon.

Support was given by the French government
and scientific institutions to deploy additional in-
struments both inland (seismometers and GNSS sta-
tions) and offshore (Ocean bottom seismometer,
pressure gauges) around the active zone from early
2019. In May 2019, the MAYOBSI1 cruise discovered a
large new volcano edifice, Fani Maoré, at the seafloor
around 50 km east of the Mayotte island [Feuillet,
2019, Feuillet et al., 2021]. The eruption is one of the
largest effusive eruptions in the world over the last
three centuries, with about 5 km3 of lava flow emit-
ted during the first year [Feuillet et al., 2021].

In June 2019, after the discoveries of MAYOBSI,
a multi-institutional coordination was created to
monitor the phenomenon by means of an array
composed of in-land instruments monitored in real
time, and periodic campaigns performed inland and
offshore to collect data from other instruments as
well as geological and geochemical samples. This co-
ordination, called the REVOSIMA (Réseau de surveil-
lance volcanologique et sismologique de Mayotte),
is operated by IPGP (Institut de physique du globe
de Paris) through in particular the OVPF-IPGP (Ob-

servatoire volcanologique du Piton de la Fournaise),
in collaboration with BRGM (Bureau de recherches
géologiques et miniéres) through its regional depart-
ment in Mayotte. REVOSIMA also gathers IFREMER
(Institut francais de recherche pour l'exploitation de
la mer), CNRS (Centre national de la recherche scien-
tifique), IGN (Institut national de linformation géo-
graphique et forestiere) and several other French en-
tities. For the 24/7 continuous real-time monitoring,
the REVOSIMA uses a permanent network installed
inland on Mayotte comprising eight seismome-
ters, nine GNSS stations and one gas station (as of
January 2022).

GNSS method is now one of the most powerful
and widely used methods worldwide, to detect, mon-
itor and model in real-time, the continuous ground
deformation associated with volcano unrests and
eruptions [e.g. Dzurisin, 2006, Lisowski, 2007, Segall,
2010]. For the seismic crisis affecting Mayotte, GNSS
data and their modeling were decisive in understand-
ing its origin. Here, we present first how the GNSS
network was expanded in Mayotte through the evo-
lution of the crisis. We then show the time series of
GNSS coordinates and their modeling, which pro-
vide constraints on the dynamics of magma trans-
fer throughout the lithosphere. Finally, we discuss the
contribution of the ocean bottom pressure gauges,
installed during the crisis, for modeling.

2. GNSS data
2.1. GNSS network in and around Mayotte

Even though RGP detected the anomalous drifts of
coordinates of its 4 GNSS permanent stations as early
as July 2018, it quickly became clear that the monitor-
ing of the phenomenon would require a densification
of the GNSS network and coordination of all the ac-
tions undertaken for that purpose.

Beyond the 4 stations already used (namely
MAYG, BDRL, GAMO, KAWE), two other GNSS sta-
tions already in operation on the island in 2018
(MTSA and PORO) were used for monitoring, and
three others were specifically installed in Mayotte in
2019 (KNKL, PMZI and MTSB; Figure 1a). A GNSS sta-
tion (GLOR), was also installed on Grande Glorieuse
island, about 250 km east north-east of Mayotte
(Figure 1b).
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Figure 1. (a) Location of the GNSS stations on Mayotte island. (b) Location of the GNSS station located
around Mayotte and used by the REVOSIMA. Green star indicates the eruption location.

Two additional stations, DSUA and NOSY, located
north of Madagascar (about 400 km east from May-
otte), were also used by the REVOSIMA for processing
of the Mayotte data [Figure 1; Bousquet et al., 2020].
However, these stations went quickly out of order,
and could not be repaired since then due to the
covid-19 pandemic. Also, there is no GNSS data avail-
able from the other Comoros islands.

The comprehensive list of the GNSS stations used
for the monitoring of the eruption offshore Mayotte
is available in Supplementary Material A.

All the GNSS stations are connected to the inter-
net either by 4G networks or by terrestrial link, and
queryable in real-time. The four native RGP stations
(MAYG, BDRL, GAMO, KAWE) provide multi-GNSS
observation hourly files at 1 s sampling rate, whereas
the other stations provide hourly or daily files at 30 s
sampling rate. All observation files are transformed
into daily 30 s files for homogeneous processing.

All the entities involved in the network have come
together as a dedicated working group, as early
as July 2018, under the coordination of IGN, to
achieve a common mode of operation of the sta-
tions, and to agree on the centralization and shar-
ing of GNSS data and products, through the op-
erational infrastructure of the RGP, made available
by IGN. This working group gathered the follow-
ing entities in an exemplary public-private partner-
ship: Institut national de l'information géographique
et forestiere (IGN), Institut de physique du globe de

Paris (IPGP), Observatoire volcanologique du Piton de
la Fournaise (OVPF-IPGP), Ecole normale supérieure,
Laboratoire de Géologie (ENS), Ecole et observatoire
des sciences de la terre de Strasbourg (EOST), Cen-
tre national d'études spatiales (CNES), Laboratoire de
l'atmosphere et des cyclones, université de La Réunion
(LACY), Exagone, Précision Topo.

2.2. Automatic GNSS data processing

The GNSS data are routinely and automatically pro-
cessed by both OVPF-IPGP in charge of the 24/7 con-
tinuous and real-time monitoring of Mayotte, and
IGN, which is in charge of data distribution (see Data
availability statement).

OVPE-IPGP calculates daily solutions with the
GipsyX precise point positioning (PPP) software
[Bertiger et al.,, 2020], using the best quality JPLs
orbits and the clock products available at the time
of calculation (ultra, rapid, then final orbits after a
delay of ten days) and provides daily solutions in the
ITRF2014 reference frame. The standard deviations
of the daily coordinates of MAYG for the years pre-
ceding the crisis, detrended from the secular velocity
of the station, are 1.9, 1.8, and 5.6 mm for eastern,
northern, and vertical components, respectively. The
other stations have similar scores. The daily solu-
tions are distributed, processed and displayed on
WebObs, a web-based integrated system for data
monitoring and networks management routinely
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used for the crisis management in a dozen volcano
observatories worldwide, including the IPGP obser-
vatories [Beauducel et al., 2020a]. WebObs is an open
source project that includes several specific modules
for seismological, geophysical and geochemical data
processing in near real-time, one of these modules is
dedicated to GNSS solutions.
The resulting outputs from these processes are:

e coordinate files for all the stations used, in
the ITRF2014 reference frame;

o time series of the station coordinates with re-
spect to the reference coordinates, for which
the horizontal tectonic motion is subtracted
using the theoretical velocity given by the
tectonic plate model provided by the ITRF;

e time series of the baselines from selected
pairs of stations;

o velocities estimated from linear trends for
each station at different time windows, rep-
resented as vectors on maps;

» source modeling at different time windows
(see Section 5.2.2).

IGN calculates the daily solutions with the Bernese
GNSS software in double difference mode, includ-
ing the GNSS stations in and around Mayotte, as de-
scribed above, and a large number of stations located
in Africa, Asia, Madagascar, and on some islands in
the Indian Ocean or in the Subantarctic zone. Most
of those stations are part of either the RGP or the IGS
networks, and their data are available through the
RGP and IGS data centers. Depending on their data
availability, up to 66 stations are used. The compu-
tation is made on a daily basis using the 24 h ob-
servation data. The coordinates are produced in the
ITRF2014 reference frame. Moreover, a weekly com-
putation is performed, combining the normal equa-
tions of the last seven days.
The resulting files from these processes are:

e solution files (normal equations) in the
SINEX format;

e coordinate files for all the stations used, in
the ITRF2014 reference frame;

« time series of coordinates with respect to the
reference coordinates, for which the horizon-
tal tectonic motion is removed using the the-
oretical velocity given by the tectonic plate
model provided by the ITRE

3. Pressure gauge

Ocean bottom pressure (OBP) gauges were deployed
by the REVOSIMA in February 2019 along with ocean
bottom seismometers (OBS; Figure 2a), with the aim
of collecting data as close as possible to the seis-
mic active area and with an azimuthal distribution
around the source tailored to best constrain its loca-
tion and spatial extent. Several SBE 37-SM MicroCat
CT Recorder pressure gauges (named SBE 37 here-
after) constructed by Sea-Bird Electronics were there-
fore installed directly on OBSs frames (Figure 2b),
and later redeployed through successive MAYOBS
campaigns (Supplementary Materials B and C). Al-
though this type of pressure gauge sensor was not
originally designed for geodetic pressure measure-
ments, we deployed them with the first intention of
detecting pluri-centimeter co-seismic signals. A pre-
vious experiment, made in response to the Santorini
volcanic unrest in 2011, showed their potential use-
fulness in such geodetic studies [Vilaseca et al., 2016].
Figure 2a shows the location of the first pressure
gauges deployment, which provided six OBP records
from February to May 2019, i.e. nine months after
the onset of the crisis. Originally, before the discov-
ery of the offshore eruption, the spatial OBS distribu-
tion had been designed wide enough to encompass
the entire seismic swarm, therefore its design was not
optimal for the deformation monitoring.

For monitoring seafloor deformation through
time with OBPs, limitations arise from (1) the instru-
mental drift and (2) the oceanographic variations.
The drift of pressure sensors is usually modeled by
combining an exponential term modeling the ini-
tial adaptation of the sensor and a long-term linear
drift [Wallace et al., 2016, Chierici et al., 2016, Gen-
nerich and Villinger, 2011], which can reach several
centimeters per year and be on the same order of
magnitude as the vertical signal, one wants to detect.

To address this instrumental issue, and to allow
the precise monitoring of slow sea-floor deforma-
tion [Wilcock et al., 2021], the SBE 37 pressure gauge
network was completed from April 2020 by an AOA
pressure gauge (see Supplementary Material B). In
the AOA system, the instrumental drift is estimated
in-situ by periodic venting from ocean pressures to
a reference atmospheric pressure. However, no sig-
nificant vertical ground displacements are recorded
by GNSS stations of Mayotte, Grande Glorieuse and
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Figure 2. (a) First deployment of SBE 37 pressure gauges (red diamonds), deployed in February 2019
and all recovered during the MAYOBS1 campaign in May 2019 [Feuillet, 2019, Rinnert et al., 2019]. The
land-based GNSS stations are represented by blue diamonds and the eruption location by the black star.
(b) SBE 37-SM pressure sensor equipped on an OBS package.

Madagascar from this period (see Supplementary
Material F), and thus we do not expect any seafloor
deformation signature in these AOA pressure records.
Although these data are not used in this paper in
terms of deformation, the drift-controlled records are
used hereafter to assess the order of magnitude of
SBE 37 pressure gauges instrumental drift by com-
paring simultaneous and co-located bottom pres-
sure data. The pressure differences between SBE 37
(MOCH and MOCI, see Supplementary Material B)
and AOA1 records, deployed from October 2020 to
April 2021, are shown in Supplementary Material D.
These two comparisons suggest that SBE 37 sen-
sors used in this study have a linear trend below 2
hPa/month (~0.016% per year considering a depth of
1500 m).

The existence of oceanic variations at different
timescales is the second major limitation for the de-
tection of seafloor deformation using OBPs. Indeed,
while vertical seafloor displacements associated with
volcanic activity are expected to be in the order of a
few centimeters, oceanic variations can reach tens
of centimeters on the same time scales [Dobashi
and Inazu, 2021]. The oceanic pressure varia-
tions can be partly inferred from ocean circulation

models [Dobashi and Inazu, 2021]. For this study, we
used bottom pressures from the “cube92” version of
the ECCO2 model, which are available at daily res-
olution on a regular grid (0.25°) from January 1992
to March 2021 [Menemenlis et al., 2008]. Conse-
quently, OBP data recovered after March 2021 were
not considered in the present study. Concerning the
high-frequency signal, i.e. mostly diurnal and semi-
diurnal tides, the OBP records were low-pass filtered
at 72 h using a Demerliac tide killer [Demerliac,
1974].

The filtered and corrected pressure anomalies are
shown on Figure 3. The 6 OBP records show a pro-
nounced variation over a short initial period of a few
days, therefore the first five days of data were re-
moved to reject the main part of the initial instru-
mental drift (red portions on Figure 3). Adaptation
periods, as short as a few days, have been previ-
ously observed by Gennerich and Villinger [2011],
who speculated that this relative fastness was due to
previous immersion of the sensors for long periods
at similar depths. All 6 data records exhibit a pos-
itive linear trend (dashed lines on Figure 3), rang-
ing from 1.67 hPa per month (MOSO) to 5.34 hPa
per month (MOSE), which may correspond both to
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Figure 3. Bottom pressure anomalies (BPA) from six OBP records (February to May 2019), after applying
the Demerliac filter and correcting the ocean signal contribution from the ECCO2 model. The first five
days of data (red portions) are not used in trend estimates. Dashed lines represent the linear trend of each
BPA series, for which the value is annotated on the bottom right corner.

a linear instrumental drift and to the signature of the
seafloor subsidence in the region during the March-
May 2019 period. OBP data from the other campaigns
are shown in Supplementary Materials E.

Although associated with large uncertainties
(mainly due to uncorrected instrumental drift and
the presence of residual oceanic variations), these
OBP records are used in this study to demonstrate
that it can successfully complement GNSS data in
order to improve the determination of the source
locations though inversion models (Section 5.2.3).

4. Ground displacement trends

4.1. Comparison between Bernese and GipsyX
time series

Before a close inspection and modeling of the GNSS
trends, we first compared the time series produced
by our GipsyX and Bernese computations. For that,
we used MAYG, which is the only station that existed
several years before the crisis, as it was installed on
December 22, 2013. Figure 4 shows the east, north
and vertical time series of the station detrended from
a secular velocity.

At first order, the time series are similar in terms of
variations and noise (less than 10 mm), except a shift

of about 8 mm in July 2015 visible on the east com-
ponent of Bernese processing (due to the change of
calculations in the IGb08 reference system, with the
use of the associated antenna calibrations). The an-
nual and semi-annual deformation due to redistribu-
tion of hydrological and atmospheric masses on the
Earth surface are observed in both processing meth-
ods, with a slightly lower amplitude for the Bernese
solution. The small differences of a few millimeters
between the two solutions do not lead to signifi-
cant differences in the deformation field given the
large amplitude (decimetric) of the displacements
recorded during the crisis. Therefore, the two GNSS
solutions are equivalent for further modeling and in-
terpretations. In the following, we use the time series
of our GipsyX processing, which are used routinely
by OVPE-IPGP for the 24/7 continuous and real-time
monitoring of Mayotte.

4.2. Evolution of the time series

Shortly after the onset of the volcanic crisis in May
2018, anomalous displacements were detected from
July 2018 by the GNSS network operating on Mayotte.
Figure 5 shows the time series of eastward, north-
ward and vertical ground displacements of the GNSS
stations computed between January 1, 2017 and
December, 31 2021.
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Figure 4. Comparison of the MAYG time series
processed by the Bernese (in red) and GipsyX
(in green) software during the 2014-2017 pe-
riod preceding the volcano crisis. The points
correspond to raw daily solutions, and the lines
correspond to 14-day moving average trends.

The GNSS time series show, from July 2018, an
overall displacement of the island towards the east
and a subsidence [Figures 5 and 6; Lemoine et al.,
2020, Feuillet et al., 2021]. Cumulatively from July 1,
2018 to December 31, 2021, these horizontal dis-
placements are approximately 21 to 25 cm eastward,
and subsidence of approximately 10 to 19 cm de-
pending on the site (Figure 5, Supplementary Ma-
terial F). The cumulative horizontal displacements
point towards the east, about 20 km offshore the
Mayotte coast (Figure 6).

Around April-May 2019, a first slowdown in the
trend is observed. Since 2020 movements slow down
again and after March 2020 subsidence becomes neg-
ligible at several stations, e.g. MTSA, MTSB, PORO

(Figure 5, Supplementary Material F). Then, since
late 2020 the ground displacements have become so
weak that they do not seem to emerge from the noise.

The velocity of MAYG, the only station with a long
pre-crisis (4.5 years) time series, has returned, in the
three components, to the one observed before 2018.

On the stations located east and south-east of
the volcano, further away (more than 250 km), on
Grande Glorieuse and Madagascar, no significant
deformation has been recorded [Figure 5, Supple-
mentary Material F; Bousquet et al., 2020]. However,
in the medium and long term, the data of Grande
Glorieuse, in particular, will be important to con-
strain the geodynamics at the scale of the Comoros
archipelago.

5. Modeling

5.1. Gravity Recovery and Climate Experiment
(GRACE) modeling

Continuous GNSS-derived land motion measure-
ments in Mayotte are affected, in addition to any
seismo-volcanic transient, by (a) steady tectonic
plate motion and (b) seasonal variations due to
spatio-temporal changes in continental surface wa-
ter storage, both at local and continental scale. The
signature of these processes in the GNSS time-series
needs to be characterized to estimate the uncertainty
involved in the subsequent inverse modeling of the
source.

The area of Mayotte belongs to a diffuse plate
boundary between the Somalia, Lwandle and
Rovuma tectonic plates, characterized by a transten-
sional strain regime [Stamps et al., 2018, Famin et al.,
2020]. Due to poor constraints on plate kinematic
solutions in the area, we use the GNSS time-series at
MAYG (available since 2014) to estimate the tectonic
trend in Mayotte by fitting a linear regression on the
horizontal components. This estimate is used for
correcting plate motion at all stations in Mayotte,
which implicitly assumes rigid motion and neglects
rotation of the island.

After removing the estimated tectonic trend, a
quasi-periodic signal is clearly visible in the de-
trended pre-crisis (2014-2018) time-series at MAYG
(Figure 7a). Figures 7b and 7c show that this pre-
crisis signal is dominated by a 1-year cyclicity, with
a peak-to-peak 30-days sliding average displacement
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Figure 5. Time series of daily solutions of eastward (top), northward (middle), and vertical (bottom)
ground displacements as recorded by GNSS stations of Mayotte, Grande Glorieuse (GLOR), and Mada-
gascar (DSUA, NOSY), between January 1, 2017 and December, 31 2021. Time series are not corrected
from plate motion; the corrected time series are shown in Supplementary Material E Shaded grey boxes

highlight the periods with OBP measurements.

of 4 mm, 9 mm and 12 mm on the East, North and
Up components, respectively. The signal is strongest
on the vertical component, with peak downward dis-
placement occurring in August, whereas peak up-
ward displacement occurs in December. The north
component shows a clear maximum southward dis-
placement roughly in phase with the vertical, with a

peak southward displacement occurring in August—
September. Both the vertical and north components
show a higher-order periodicity (i.e. fluctuations are
not monochromatic), as reflected by a longer tran-
sition (8 months) between the upper peak (up-
wards, northwards, in December) and the lower peak
(downwards, southwards, in August), and a shorter
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Figure 6. Ground displacements recorded on GNSS stations in Mayotte (a) between July 2018 and
December 2020 with the stations available from the beginning of the crisis and (b) between June 2019
and December 2020 with all GNSS stations. The horizontal displacements are represented as velocities
in vector form and the vertical displacement velocities are indicated by the numerical values in color (in
mm/yr). Displacements are corrected from plate velocities. Black star indicates the eruption location.
FaC stands for “Fer a Cheval”, an old structure where acoustic plumes are observed [REVOSIMA, 2021].

transition (4 months) toward the next upper peak
(August to December).

The seasonal fluctuations observed in the pre-
crisis MAYG GNSS time-series are interpreted as the
result of continental-scale (>1000 km) perturbations
of the Earth shape caused by the continental hy-
drological cycle and external atmospheric forcing
[Blewitt et al., 2001]. Surface displacements result
from the spatially and temporally variable surface
loads occurring at the Earth’s surface, convolved with
the Earth’s deformation response [Tregoning et al.,
2009]. Fluctuations typically manifest as periodic sig-
nals affecting the GNSS time-series, dominated by
a seasonal term (annual), as well as higher-order
harmonics.

To confirm the hydrological origin of the quasi-
periodic signal visible in Mayotte, we use data from
GRACE for the period, April 2002-June 2017 and
current GRACE-Follow On (GRACE-FO) from June
2018-present missions. GRACE data provide monthly
global measurements of the space and time varying
Earth’s gravity field, monitoring changes in continen-
tal water storage, non-tidal oceanic and atmospheric
loading (Figure 7). They can be used to constrain the
hydrological source term, which can be subsequently

fed into an Earth deformation modeling scheme. Yet,
the high level of distinctive unphysical noise in a
North-South striping pattern affecting the GRACE
data, as well as the temporal gaps (including the long
11 months gap between GRACE and GRACE-FO mis-
sions) prevent the interpretation of long-term mass
variations. Consequently, we use the Multi-Channel
Singular Spectrum Analysis (MSSA) and utilise both
spatial and temporal information contained in multi-
ple Level-2 solutions of GRACE and GRACE-FO (CSR,
GFZ, JPL, TU-GRAZ) detrended over the 2003-2021
period to fill the observational gaps and develop
a data-driven spatio-temporal filter to enhance the
data signal-to-noise ratio [Prevost et al., 2019]. Addi-
tionally, the non-observable degree-1 spherical har-
monics geocenter gravity coefficients are estimated
using the degree-1 deformation field inverted from
a globally distributed GNSS network corrected for
deformation of degree-2 and higher [Chanard et al.,
2018]. Moreover C2,0 Earth oblateness and C3,0 grav-
ity coefficients, which are difficult to observe due to
the near polar orbit of the GRACE and GRACE-FO
missions, are substituted with satellite laser ranging
(SLR) observations according to Technical Note 14
[TN-14; Chen et al., 2005, Loomis et al., 2020]. We add
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Figure 7. (a) Displacements at GNSS station MAYG after removing tectonic trend (GipsyX processing).
Each dot corresponds to the position on a 24 h epoch, colored as a function of time. (b) Colored dots: dis-
placement at GNSS station MAYG (same as in (a), with enhanced Y -axis scaling); thick colored curve: 30-
days running average of surface displacement at GNSS station MAYG; thin black line: monthly-predicted
surface displacement deduced from Earth’s response to surface loads derived from satellite data of
GRACE (2003-June 2017) and GRACE-FO (June 2018-2020) missions; blue curve: best-fitting periodic
function adjusted on GRACE-derived predicted surface displacement (black line) using superposition of
two harmonic functions with periods of 1 year and 0.5 years, respectively. Each component is adjusted
independently. The time interval with available GNSS data prior to the onset of the volcanic crisis is high-
lighted with a white background. (c) same as (b), with a periodic X-axis scaling with duration of 1.0 year,
starting from 1 January. GRACE-GRACE-FO M-SSA solution. (d) Mean rate of surface mass density varia-
tions from January 2003 to December 2021 expressed in equivalent water height (EWH) per year, given in
cm/yr. () Mean annual surface mass density variations over the 2003-2021 period.
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back the atmospheric and non-tidal oceanic contri-
butions to ensure comparison with the GNSS dataset.

Deformation induced by surface loads, decom-
posed in the temporal and spatial domains, on a
spherical elastic layered Earth model [Dziewonski
and Anderson, 1981] is computed based on the Love

number formalism [Farrell, 1972, Chanard et al.,
2018]. We model the elastic deformation resulting
from variations in surface loading measured by the
GRACE and GRACE-FO missions at the GNSS MAYG
site in Mayotte (Figure 7b,c). Note that consider-
ing the large scale resolution of the GRACE and
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GRACE-FO measurements (~300 km) compared to
the Mayotte GNSS network distribution, the loading
model predicts similar deformation at all sites and
local effects at sites are not accounted for. The long
wavelength annual deformation at all sites is con-
sistent over the 18-year period considered, despite
some inter-annual variability.

The agreement between the observed and pre-
dicted GNSS displacements at MAYG, mainly on the
northward and vertical component, strongly sug-
gests that the GNSS network of Mayotte is affected
by quasi-periodic displacement perturbations in-
duced by surface loads generated by surface wa-
ter storage at regional and/or continental scale. As
a result, surface displacements measured during
the crisis are contaminated by similar fluctuations.
Accordingly, the eastward displacement anomaly of
volcanic origin dominates any seasonal fluctuation,
and could be safely neglected if the objective was
to determine the cumulative displacement affecting
the island. The northward component shows a nearly
equal partition between the volcanic signal (20 mm
cumulated over ~2 years) and the hydrological sig-
nal (9 mm peak-to-peak over <6 months). Since the
hydrological perturbations are expected to produce a
homogeneous effect at the scale of Mayotte, this sig-
nal will produce an apparent periodic north-south
~9 mm translation of the whole GNSS network ev-
ery ~6 months. In other words, the cumulative dis-
placement vectors on Mayotte are expected to be af-
fected by a periodic rotation of 2.5° (peak-to-peak) in
the horizontal plane.

In the simplest case where these rotations are
uncorrected and incorrectly interpreted as resulting
from a true motion of the source of volcanic defor-
mation, the lever arm of ~30 km between the net-
work and the source implies that a 2.5° rotation of
displacement vectors on-land will translate into an
apparent 1.35 km mislocation of the source of defor-
mation. The effect on the vertical uncertainty of the
source location is expected to be slightly larger. Com-
bining horizontal and vertical uncertainties results in
an apparent source motion reaching ~3 km, if hydro-
logical load effects are not corrected, which can be
considered negligible at first sight.

However, we note that due to higher harmonic
components of the hydrological source term with
time, these fluctuations can affect the deformation
models on time scales as short as 3-4 months (the

fastest transition occurs between August and Decem-
ber). We also note that, as the power of the vol-
canic signal decreases in the extracted vectors (e.g.
when investigating the displacement over 6-months
temporal windows or shorter, or when approaching
the end of the volcanic crisis), the resulting uncer-
tainty on the source location will significantly in-
crease. The 3 km uncertainty reported above should
therefore be considered as valid only for models re-
lying on cumulative displacements calculated over
time intervals longer than 1 year, and only until
early 2020. Since mid-2020, as the volcanic signal
has substantially waned, the resulting vector rota-
tion caused by hydrologically-induced fluctuations
can easily reach >30°, resulting in an uncertainty of
>15 km on the north-south location of the source.
This analysis illustrates the difficulty to determine
the spatial characteristics of the source of volcanic
deformation in Mayotte, as a result of a combina-
tion of (a) poor azimuthal coverage of the GNSS net-
work and (b) existence of homogeneous fluctuations
of the mean position of the network resulting from
large-scale hydrological perturbations. This limita-
tion equally applies if one considers, as here, a sin-
gle pressure source (Mogi), or a more complex, dis-
tributed/multiple source.

5.2. Source modeling

Displacements subsequently measured from the be-
ginning of the crisis were used to track the transport
and storage of magmatic material offshore via nu-
merical modeling.

5.2.1. First modeling

The first modeling of the deformation was carried
out in October 2018, 4 months after the start of the
deformation [Lemoine et al., 2020]. The data ana-
lyzed were those from the permanent stations avail-
able with the RGP at that time: MAYG, BDRL, GAMO
and KAWE.

The GNSS time series exhibit a remarkable cor-
relation between the east and the up components.
There is also a correlation between east and north
components, yet less remarkable for two reasons:
(1) because the amplitudes of the north anomalies
are small (the deformation source is located to the
east of the island) with the uncorrected yearly fluc-
tuations having a magnitude not small with respect
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Table 1. Scaling coefficient applied to correlate the east and up components and the RMS amplitude of
the residual difference for the four stations used in the first modeling

Scaling factor east Residual (mm) Azimuth (°N)

Station Scaling factorup Residual (mm) Pitch (°)
MAYG 1.146 7.2 41
BDRL 1.321 7.2 37.1
GAMO 2.038 6.6 36.8
KAWE 1.339 6.6 26.1

9.184 3 96.2
3.065 3.5 71.9
5.777 3.5 99.3
6.137 3.9 97.5

to the tectonic signal, (2) because the observations
indicate a small seasonal oscillation with time of the
north signal.

The Table 1 summarizes the value of the scaling
coefficient applied to correlate the east and up com-
ponents and the root-mean-square (RMS) amplitude
of the residual difference for the four stations.

In this first model, the source was a point source
located within an elastic medium [Mogi, 1958]. In this
model the displacement vector points to the source.
This means that we can use the azimuth and pitch
angles derived from the above scaling factors to es-
tablish the location of the source. This method is ex-
pected to be robust and the RMS residuals will teach
us about the consistency of the angles indicated by
the four GNSS stations.

The best fitting source, recalculated since the first
note distributed in October 2018 [Lemoine et al.,
2020] by only integrating geometric constraints and
not amplitude of the displacement, was found at lon-
gitude 45.504° east and latitude 12.81° south. This lo-
cation of the source is located at 11 km west and
4 km south with respect to the source proposed by
Lemoine et al. [2020], and at a depth of 24 km instead
of 28 km in this previous study. The source is there-
fore significantly closer to the island, ~12 km east
of the Fer a Cheval [an old structure where acous-
tic plumes are observed; REVOSIMA, 2021; see loca-
tion in Figure 6] and 28 km north-west of the new vol-
cano. At this location the seafloor is at 2300 m below
sea level. The standard deviation of the pitch angles
(1.86°) corresponds to an uncertainty of the determi-
nation of the source depth of 1.5 km.

5.2.2. Automatic processing and modeling

From mid November 2018, automatic and daily
modeling of PPP solutions were set up at IPGP us-
ing the WebObs dedicated module “GNSS” [Beaudu-
cel et al., 2019, 2020a], in order to characterize

the source of deformation and its evolution in real
time. The characteristics of a single source (loca-
tion, depth and volume variation), fitting the ob-
servations over a considered period of time, are
modeled by a point source of isotropic pressure at
depth, in a homogeneous and elastic medium [Mogi,
1958], with topographic effect approximation using
the varying-depth formulation [Williams and Wadge,
1998]. These simple models are the most suitable,
given the limitations caused by the current geometry
of the geodetic measurement network, with stations
mostly west of the source [REVOSIMA, 2019]. The
inversion method uses a grid-search approach and
Bayesian expression of the model probability (calcu-
lated from the L1-norm misfit), in order to describe
the full model space, i.e., all possible models and not
only looking for the “best solution” [Tarantola, 2006].

The system has been configured to process the
data independently over several time intervals whose
upper limit is always set to current time (real time):
6 months and 1 year sliding windows, and a cumu-
lative window from a reference date before the erup-
tion onset (January 1, 2018). For each time window,
velocity trends are estimated at each station, and an
inverse problem is computed to look for probable
sources. Result is displayed as a probability density
function plotted as 3D maps, showing also velocity
vectors of observations, vectors computed from the
best model, and associated residuals. The Bayesian
approach allows us to express in a rational way the
a posteriori uncertainty on the set of models pro-
posed for each time period. The adequacy of the
model with the observations can thus be quantified
whatever the signal to noise ratio. This makes the
method extremely robust and useful for real-time
monitoring [Beauducel et al., 2019, 2020b]. Of course,
if the data contain an additional signal related to a
poor correction of potential artifacts (tectonic, hy-
drological or atmospheric for example) or simply to



184 Aline Peltier et al.

another unidentified phenomenon that produces a
compatible deformation signal, even partially, with
the model, the result of the inversion will be influ-
enced. As in any modeling, the result will be all the
more accurate if all the main sources have been taken
into account in the direct problem.

Here, we use all the REVOSIMA stations, includ-
ing Grande Glorieuse Island, and stations west of
Madagascar for which the insignificant deformation
signal in the far field also contributes to constrain
the source location. We present modeling results ob-
tained after the subtraction of a model accounting
for part of non-volcanic seasonal variations (see Sec-
tion 5.1), using a second-order harmonic fit, 1-year
and 6-month sine waves, for which amplitude and
phase are estimated from MAYG pre-eruptive time
series for each component, equally applied on all
the stations. This pre-processing reduces the possi-
ble biases previously discussed in Section 5.1, but we
must consider that deformation induced by conti-
nental hydrology is certainly not purely periodic and
may also exist at shorter time scales. As a conse-
quence, some non-volcanic residuals may still affect
the source modeling results, in particular when con-
sidering time windows shorter than 1 year and/or
encompassing a non-integer number of years, and
when the volcanic signal amplitude is weak, i.e., be-
fore July 2018 and after mid-2020.

In Figure 8, we present a selection of source in-
version results from 2018 to 2021, as probability
density functions of the source location in space,
computed from a l-year time window velocity
trends estimated at each station (see corresponding
parameters, and GNSS and calculated velocities for
each best source in Table 2 and Supplementary Ma-
terial G, respectively). First, we clearly see that all
models indicate a deflating source located about
50 km east of Mayotte, at a depth around 40 km. But
it is clear that determination of both the east-west
location and depth of the source, due to the on-land
network, is weak. Regarding the time evolution of the
source parameters, during the years 2018 and 2019,
the deflation corresponds to a volume variation of
—-2.6+0.1 (km)® and —2.5+ 0.2 (km)3, respectively.
This value decreases in amplitude to —0.5+0.08 (km)3
in 2020, and becomes insignificant in 2021, while the
inversion process still exhibits a slight indication of
possible deflation, suggesting that the source is very
weak but might be still active.
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Figure 8. Source location estimated from
GNSS Bayesian inversions for years 2018 to
2021, as normalized probability density func-
tions in horizontal view and vertical profile,
and associated velocity trends vectors with
uncertainties. Also indicated the best sources
determined from [Lemoine et al., 2020] (Cyan
circle) and Section 5.2.1 of this study (Magenta
circle). Black star indicates the eruption loca-
tion. Numerical values are reported in Table 2.
2019-02-25 to 2020-05-10 earthquakes relo-
cated by Saurel et al. [2022] are plotted as black
dots (rounded to the nearest km).

In order to follow the possible source character-
istics in time, we employ a novel method to com-
pute the time-dependent effusion rate from defor-
mation [Beauducel et al., 2020a, Mittal et al., 2022].
Magma reservoir source location and associated vol-
ume variation are computed for a 3-month slid-
ing time window from January 2018 to December
2021, with a 7-day step. For each time window,
the linear trend in displacement velocities is esti-
mated from the GNSS data daily solutions previously
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Figure 9. Time evolution of the source flow rate computed from inversion of GNSS velocity trends
estimated on a 90-day causal sliding window. Uncertainty intervals on the flow rate (dark and light red
areas) stands for 1 and 2 sigmas, respectively. Flow rates estimated from joint inversion modeling of
GNSS + OBP data for the 5 periods of OBP deployment through successive MAYOBS campaigns (green
lines, vertical segment stands for 1 sigma uncertainty).

Table 2. Best source parameters obtained from modeling of GNSS data on 1-year time windows (full
year from January 1 to December 31) from 2018 to 2021 (see Figure 8). Comparison of source parameters
on the OBP first campaign (March 1 to May 5, 2019) using GNSS and GNSS + OBP data (see Figure 10).

Uncertainty intervals are given for 1 sigma

GNSS 1-year time window OBP first campaign
2018 2019 2020 2021 GNSSonly  GNSS+OBP
Latitude N (°) —12.82+0.04 -12.83+0.04 -12.92+0.04 -13.09+0.3 -12.83+0.04 —12.82+0.04
Longitude E (°) 45.74+0.08  45.70+0.04 45.61+0.05 4566+0.3  45.96+0.08  46.09 +0.04
Depth (km) 39+2 4142 43+4 20+15 41+4 5143
AV (10° m®) -2.6+0.2 -25+0.3 -0.5+0.1 -0.06+0.2 -1.3+0.2 -1.8+0.2

corrected from tectonic and hydrological loading.
The best solution is computed using a Bayesian in-
version in the same conditions as the 1-year mod-
eling performed previously. The method produces a
time series of source parameters, more easily com-
parable to other observables and better suited for
monitoring. The result is presented in Figure 9; the
source flow rate amplitude varies from low values un-
til July 2018, then increases to a maximum of —357 +
60 m®/s in average during December 2018 and Janu-
ary 2019, and decreases slowly until 2021, at insignif-
icant values (average of —5 + 7 m3/s for the 2021 full
year).

5.2.3. Joint modeling of GNSS and OBP observations

The situation in Mayotte is a textbook case of
the difficulty of characterizing a deformation source
with an inadequate geodetic network. We believe that
Bayesian inversion is probably the best and most ro-
bust approach to quantify the a posteriori uncertain-
ties associated with such a network inadequacy. One
of the main weaknesses of the GNSS network is the
lack of near-field observations due to the offshore
location of the source, thus pressure gauges should
provide an essential complement to improve the in-
version results.
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Figure 10. Comparison of source modeling lo-
cation, in map view and along an E-W verti-
cal cross section, as probability density levels
using only GNSS data (blue contours) and us-
ing both GNSS and OBP data (red contours) re-
covered during the OBP first campaign (March
1 to May 5, 2019). GNSS stations (blue tri-
angles), OBP stations (green circles), velocity
trends and associated uncertainties (black ar-
rows and ellipses), eruption location (black
star) are shown. Pressure gauge data have
been corrected from tides and oceanic signals
and contain only the vertical component of
displacement.

In Figure 10, we present the contribution of pres-
sure gauge data to the source modeling, showing
the original probability density function when using
GNSS data only, and the probability density func-
tion when using both GNSS and OBP data recov-
ered during the March 1 to May 5, 2019 period. It
is clearly demonstrated that additional observations
near the source, even with large a priori uncertain-
ties, improve the source location determination with

lower a posteriori uncertainty, while still remaining
within the initial location area of probable models.
The source obtained from the joint inversion is a lit-
tle deeper and associated with a slightly larger defla-
tion volume variation (see Table 2). We show in Sup-
plementary Material H the results for each period of
OBP deployment from 2019 to 2021.

In Figure 11 and Supplementary Material H, we
present the best model fit in a velocity versus dis-
tance from source graph, showing the relatively ac-
ceptable adjustment of the OBP data at short dis-
tance from the source, while maintaining a very good
adjustment of all GNSS data at larger distances. We
also computed in Figure 9 flow rates from the best
models obtained by the joint inversion of OBP and
GNSS for each period of OBP deployment (Figure 10;
Supplementary Material H).

6. Discussion and conclusions

6.1. Contribution of GNSS in the scientific
response to the crisis

The GNSS method had a major role in the discov-
ery of the magmatic origin of the seismic crisis that
started in Mayotte in May 2018, and thus in the dis-
covery of the submarine eruption 50 km offshore
Mayotte in May 2019. It is thanks to the detection of
anomalies in the ground deformation pattern of the
GNSS stations of Mayotte in July 2018 that IGN is-
sued a warning in the RGP web portal, and that the
hypothesis of the magmatic origin of the seismic cri-
sis could be confirmed as early as October 2018 when
the first modeling of surface displacements recorded
on 4 GNSS stations on Mayotte showed a deflation
source at 45 + 5 km east of Mayotte center and 28 km
depth [Figure 8, Lemoine et al., 2020].

This demonstrates the technical and scientific
contribution of: (1) IGN within the French higher
education and research consortium, with their
deployment and/or supervision of GNSS stations
in the geologically active zones of all the national
French territory including the overseas territories,
and more particularly where no permanent volcano
observatories are implemented, as it is the case in
Mayotte, and (2) the use of best practice and tools de-
veloped into national volcano observatories, which
can be easily and quickly implemented into any
context.
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Figure 11. Best source modeling from joint inversion of GNSS and OBP data recovered during the OBP
first campaign (March 1 to May 5, 2019), displayed as horizontal and vertical velocities versus distance
from source. GNSS data and uncertainties (blue triangles), OBP data and uncertainties (green circles),
predicted isotropic model with topography (red area) are shown. Pressure gauge data have been corrected

from tides and oceanic signals.

GNSS continues to have a crucial role in the follow
up, understanding and modeling of the time evolu-
tion of the submarine eruptive activity offshore May-
otte and of the magmatic activity in depth. Thanks
to the rapid implementation of the WebObs tool
[Beauducel et al., 2020a], more complex and auto-
matic models have been quickly implemented, in
particular for monitoring the source flow rate in near
real-time (Figure 9), which is a crucial parameter for
scientific response to the crisis and for which there
are no real-time continuous visual constraints in the
case of a submarine volcano. This parameter was a
proxy of the eruptive activity and allowed an accu-
rate tracking of the activity state of the volcano. GNSS
data and modeling are thus of great interest in the sci-
entific crisis management with local authorities and
are part of the regular information bulletins (daily
and monthly) of REVOSIMA [2019, 2020, 2021].

6.2. Evolution of ground deformation between
2018 and 2021

A maximum of about 25 cm of cumulative eastern
on-land ground displacement and a maximum of
about 19 cm of subsidence had been recorded be-
tween July 2018 and end of 2020. Since then, no more
ground deformation seems to be detectable on May-
otte. This observation and the decrease in the flux
deduced from inversion of ground deformation (Fig-
ure 9) are in agreement with the flux estimated by
bathymetric survey that decrease from 172-181 m3/s
the first year to less than 11 m3/s at the end of 2020
[Deplus et al., 2019, REVOSIMA, 2021]. Since January
2021, no more new lava flows with thickness more
than 10 m have been detected [REVOSIMA, 2021].
The sources modeled with all available data are lo-
cated to the east and near/below the distal seismic
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swarm, which extends in the direction of the erup-
tion [Figure 8, Bertil et al., 2021, Cesca et al., 2020,
Lavayssiéere et al., 2022, Lemoine et al., 2020, Feuillet
et al., 2021, Retailleau et al., 2022, REVOSIMA, 2019,
Saurel et al., 2022, Mercury et al., 2022]. A migration
of the deformation source over time to the west and
to a greater depth, more or less parallel to the seismic
swarm, seems to occur. However, it is compelling to
note that the dispersion of the models increased over
time, as the signal to noise ratio decreased.

Previous studies mainly based on seismicity,
petrology and data from oceanic cruises proposed a
complex magma plumbing system feeding the erup-
tion [Cesca et al., 2020, Berthod et al., 2021, Feuillet
et al., 2021, Foix et al., 2021, Lavayssiere et al., 2022,
Mittal et al., 2022], with a main deep magma reser-
voir (40 to 70 km depth depending of the studies)
below the Fer a Cheval, 30 km west of the eruption,
and a magma conduit starting from this reservoir to
fed the eruptive site. Some studies also proposed in-
termediates shallower reservoirs [e.g. Berthod et al.,
2021, Lavayssiere et al., 2022] and porous mush ad-
jacent to the main reservoir [Mittal et al., 2022]. The
complexity of the magma plumbing system may
partly explain the dispersion of the results of our in-
versions, as several sources can be active at the same
time or, on the contrary, some parts of the complex
and extended magma system are not active at the
same time. With the configuration of the GNSS net-
work it is difficult to discriminate the effect of several
sources. A single source, as modeled in this paper, is
certainly an integration of the influence of this whole
system that could also be refilled by deeper magma
at the same time it was draining to fed the erup-
tion. Over time and with the decline of the eruptive
activity, the activation of the shallowest part of the
magma feeding system was certainly less visible on
the distant ground deformation recorded on-land.

Berthod et al. [2021, 2022] propose several
changes in the feeding system during the erup-
tion, with direct feeding from a deep mantle litho-
spheric reservoir during the first year of the eruption
and the involvement of shallower magma batches
later. This change revealed by lava petrology would
have occurred only close to the eruptive site, as
the eruptive activity migrated close to the main
volcano edifice, 6 km to the north-west [Deplus
et al., 2019, REVOSIMA, 2021], and probably did not
influence the ground displacements recorded on-

land in Mayotte.

Part of the vector rotation, and the migration of
the source to the south observed between 2018 and
2021 could also be explained by a tectonic residue.
Supplementary Material I shows the source inver-
sion results from 2018 to 2021, as on Figure 8 but us-
ing a tectonic trend correction of +21.20 mm/yr east
and +12.5 mm/yr north. This correction minimizes
the northern residual for 2021, but does not change
the source location from 2018 to 2020. This may
be related to the uncertainty of the tectonic correc-
tion or to the existence of a new source of deforma-
tion in 2021 (magmatic or tectonic signal not clearly
identified).

6.3. Limits of the models

The estimated depth of the modeled sources of de-
formation ranges from 20 km to 50 km in the oceanic
lithospheric upper mantle. At such depth and over
years of deformation, the linear elasticity assumption
could be invalid, but hopefully with a limited bias at
short-time scale.

Nevertheless, we have chosen to keep the use of a
simple rheology (elastic and homogeneous medium)
because of the limited data quality and the neces-
sity to propose a first-order model of the source.
Also, our automatic model processing was already
operational, validated on other volcanoes, and quick
to set up for the scientific crisis management (see
previous section). Even if the estimation of magma
volumes and rates, and the exact position of the
magma sources could be biasing by the use of an
elastic rheology, it allows us to quickly constraint at
a first order the source.

In any case, it is rare in volcano contexts to de-
tect geodetic signals of lithospheric source and even
more on such length- and time-scales, further de-
tailed studies on these data could be done to bet-
ter understand, for example, the rheological proper-
ties (and layering) of the oceanic crust (intermediate-
lower crust) and oceanic upper mantle in this area.

6.4. Limits of the current network and recom-
mendations

The source of deformation is located far from the
island of Mayotte (>40 km of the Mayotte center)
under the oceanic crust, so that the network on-land
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alone is too distant and poorly distributed—mainly
west of the source—to efficiently constrain its precise
location, its shape and the possible involvement of
several sources.

All the GNSS stations added during the crisis im-
proved the redundancy of the network, but did not
substantially improve the resolution since they re-
mained located west of the source and installed 8
months after the first signs of ground deformation
in Mayotte. The additional observations closer to the
source from OBP improves the source location deter-
mination (Figure 10). Improving the ability to char-
acterize the source of deformation, in such a con-
text (submarine eruption far from the coast), would
require thus complementing available GNSS stations
with other types of instruments:

(1) more pressure gauges as close as possible to
the supposed source (to capture the max-
imum amplitude of subsidence above the
source) and surrounding the source (to re-
duce the azimuthal gap), and this from the
beginning of the crisis when the deforma-
tion was still significant. Even if these data
are not real time, they are useful to bet-
ter constrain the source a posteriori (Fig-
ure 10, Supplementary Material H). However,
exploiting OBP data for seafloor deformation
monitoring is still challenging due to several
factors including the instrumental drift and
the oceanic variations. The emerging gener-
ation of angle of attack (AOA) type of sensors
offers new opportunities to reduce the im-
pact of instrumental drift and thus increase
our ability to monitor slow seafloor motion.
In the case of low deformation rates (as it is
the case for the latter period in the Mayotte
crisis), the usefulness of OBP observations
highly relies on our ability to accurately cor-
rect the oceanic contribution to the signal.
Further studies based on regional model-
ing approaches and ancillary co-located data
(e.g. CTD mooring or glider transects) should
be carried out in order to reduce the associ-
ated uncertainties and thus improve the de-
tectability of low rate seafloor deformations.

(2) gravimeters on Mayotte to detect mass
transfer,

(3) borehole tiltmeters on Mayotte to detect sub-
tle slope variations.

Data availability statement

IGN supports the REVOSIMA by making the server
infrastructure of the RGP available for gathering and
distributing GNSS data, metadata and products to
the national and international scientific communi-
ties, and by coordinating the geodetic field opera-
tions in Mayotte. Since May 2018, the operativeness
of the RGP has allowed the continuous GNSS moni-
toring of the crisis.

The technical infrastructure, located in the
premises of IGN data center in Saint-Mandé (France),
consists mainly of two collection servers that ensure
the gathering of the raw observation data by FTP
protocol, and one distribution server for data ac-
cess by users: ftp://rgpdata.ign.fr. Between the re-
ception and the distribution, the following tasks are
performed on the observation data:

« files are converted into the RINEX format and
renamed according to the standard,

 aquality check is performed to guarantee the
usability of the data and to provide quality
metadata,

o derivative files are produced if needed, such
as sub-sampling from 1 s to 30 s sampling
rate and concatenation of hourly file info
daily files.

Whatever the type and configuration of the different
GNSS receivers, all files are made available in a com-
mon and standard format and naming. The folder
tree on the distribution server allows users to simply
locate the needed files, which enables automation of
file search and download. For instance, the generic
file path for a 30 s daily RINEX 2 observation file for
the station MAYG and for the 152nd day of 2021 will
thus be 2021/152/data_30/mayg1520.21d.Z.

The principles used for the data distribution com-
ply with the guidelines of the IGS.

Station metadata are available under the stan-
dard sitelog format of the IGS in the “stations” folder
on the FTP server. This format records in a human-
readable manner, the main characteristics of the sta-
tion and relevant information about the GNSS equip-
ment installed.

All the data from the RGP stations (MAYG, BDRL,
GAMO, KAWE) are distributed under the French open
data license ETALAB, compatible with the CC-BY 3.0
license, as well as GNSS products and station meta-
data. Data from the stations that were installed in
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the frame of the REVOSIMA (KNKL, PMZI, MTSB and
GLOR) are distributed under CC-BY 4.0 license (Sup-
plementary Material A). Data from stations MTSA
and PORO is owned by the Réseau Lél@ and its dis-
tribution is restricted to the scientific community.

Data access is made using the FTP protocol in
the server ftp://rgpdata.ign.fr. Products and meta-
data are freely available for any user using an anony-
mous connection, in the folders “produits” and “sta-
tions” respectively. Access to the observation files re-
quires authentication using credentials provided on
demand at mayotte.gnss@ign.fr for scientific use.

A dedicated web site (http://mayotte.gnss.fr/)
gathers the various information about the GNSS
monitoring of the REVOSIMA. Observations
and trends are also accessible in the monthly
(https:/ /www.ipgp.fr/fr/revosima/actualites-reseau;
ISSN 2680-1205) and daily (http://volcano.ipgp.fr/
mayotte/Bulletin_quotidien/bulletin.html) bulletins
from REVOSIMA.
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Abstract. The “Fani Maoré” eruption off the coasts of Mayotte has been intensively monitored by ap-
plying methods similar to those used for subaerial eruptions. Repeated high-resolution bathymet-
ric surveys and dredging, coupled with petrological analyses of time-constrained samples, allowed
tracking the evolution of magma over the whole submarine eruptive sequence. Indeed, after one year
of direct ascent (Phase 1), basanitic magma switched to a different pathway that sampled a tephri-
phonolitic subcrustal reservoir (Phase 2). Later, the magma pathway shifted again in the crust result-
ing in a new eruption site located 6 km northwest of the main edifice (Phase 3). The petrological signa-
ture of lava flows reveals both an evolution by fractional crystallization and syn-eruptive mixing with
a tephri-phonolitic magma.

We demonstrate that high-flux eruption of large volumes of basanitic magma from a deep-seated
reservoir can interact with shallower reservoirs and remobilize eruptible magma. This has significant
hazards implications with respect to the capacity of such large eruptions to reactivate shallow-seated
inactive reservoirs from a transcrustal magmatic system that could be located potentially at a distance
from the high-flux eruptive site.

Résumé. Léruption au large de Mayotte a été intensément surveillée en appliquant des méthodes
similaires aux éruptions sub-aériennes. Une étude pétrologique et géochimique des échantillons
dragués couplée a de nombreux relevés bathymétriques, nous a permis de suivre 1'évolution du
magma au cours de I'éruption. Le trajet du magma change apres un an de remontée directe (Phase 1),
un réservoir magmatique sous-crustal et plus différencié est alors échantillonné (Phase 2). Un mois
plus tard, le trajet change a nouveau et engendre une migration du site éruptif a 6 km au nord-ouest de
I'édifice principal (Phase 3). La signature pétrologique des coulées de lave révele a la fois une évolution
par cristallisation fractionnée et un mélange syn-eruptif avec un magma téphri-phonolitique. Nous
démontrons qu’'une éruption a haut débit impliquant de grands volumes de magma basanitique et
provenant d’'un réservoir profond peut interagir avec des réservoirs plus superficiels et remobiliser
le magma éruptible. Ceci a des implications significatives en termes de risques quant a la capacité
de ces grandes éruptions a réactiver des réservoirs inactifs peu profonds provenant d'un systeme
magmatique transcrustal et potentiellement situé a distance du site éruptif.

Keywords. Fractional crystallization, Mixing, Mayotte, Submarine eruption, Dredging, Petrological
monitoring, Magmatic system.

Mots-clés. Cristallisation fractionnée, Mélange, Mayotte, Eruption sous-marine, Dragage, Suivi
pétrologique, Systéeme magmatique.
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1. Introduction gas- and water-geochemistry are most commonly
used to track magma migration through the Earth’s
Volcanic eruptions are monitored using various real-  crust. In recent years, with the evolution of sampling

time methods, of which seismology, geodesy, and  methods, and of chemical, petrological and textural
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analysis techniques applied to solid volcanic prod-
ucts (pyroclasts and lavas), it has become more and
more common to carry out near real-time petrologi-
cal monitoring of eruptions [e.g., Liu et al., 2020, Re
et al., 2021, Corsaro and Miraglia, 2022]. The anal-
ysis of lava and pyroclasts is carried out after vol-
canic eruption [Gurioli et al., 2005, Piochi et al., 2005,
Di Muro et al., 2014] or occasionally during the erup-
tion [Thivet et al., 2020]. Petrological and geochemi-
cal monitoring makes it possible to track the evolu-
tion of the magma bodies involved in an eruption, by
following the variations in their physical and chem-
ical parameters, such as crystal and gas content, or
compositions of solid, liquid and gas phases. These
data, when obtained within a short period (a few days
to tens of days) after magma emplacement, can be
combined with other real-time monitoring data to
constrain the magma dynamics during an ongoing
eruption. Linking deep magmatic processes to sur-
face geophysical and geochemical records is not only
an essential step in interpreting the precursor sig-
nals of eruptions but can also be crucial for under-
standing changes in the eruptive regime during the
course of an eruption [Reubi et al., 2019, Gansecki
et al,, 2019, Bamber et al., 2020, Sundermeyer et al.,
2020, Magee et al., 2021].

In contrast with subaerial eruptions, subma-
rine eruptions are much more challenging to mon-
itor. Indeed, their submarine context limits access
to direct live observations of the volcanic activ-
ity. It is often impossible to know, even approxi-
mately, the timing of lava and/or pyroclasts em-
placement and, hence, trace their temporal evolu-
tion [Resing et al.,, 2011, Casas et al., 2018, Carey
et al,, 2018, Clague et al., 2018]. Here, we present
new petrological and geochemical evolution of the
2018-2021 submarine eruption that occurred off the
eastern coast of Mayotte. This major eruption pro-
vided a unique opportunity to carry out frequent
and targeted sampling of eruptive products whose
emplacement date was constrained with repeated
bathymetric surveys. In addition, one active incan-
descent submarine lava flow was sampled during a
dredge (DR18). This sample collection permits con-
stituting one of the most valuable petrological and
geochemical databases for any known submarine
eruption and particularly given that the eruption
occurred at a depth between 2500 and 3500 m below
sea level (BSL).

We first report an improved dredging protocol
that allowed “surgical strikes” at >2500 m BSL to
individually sample each eruptive unit of the newly
emplaced volcanic material. Next, we provide a de-
tailed petrological analysis of the most representative
formations encountered among the sampled lavas.
We use these data to constrain the eruptive history of
the Fani Maoré volcanic edifice, taking into account
the timing of the lava emplacement, and tracking the
magma pathway through the crust.

2. Geological setting

Mayotte is the easternmost island of the Comoros
Archipelago located in the Mozambique Channel
between the eastern coast of Mozambique and the
northern tip of Madagascar. This archipelago is
composed of four main islands, namely from east
to west Mayotte, Anjouan, Moheli, and Grande Co-
more, which are associated with atolls and par-
tially emerged reef platforms and interconnected
by a series of submarine volcanic chains [Tze-
vahirtzian et al., 2021, Thinon et al., 2022]. The
Comoros Archipelago is characterized by active vol-
canism and tectonics associated with an area of
active seismicity that connects the northern extrem-
ity of Madagascar in the east to the African coast in
the west. This volcanic chain is interpreted as the
NW-SE boundary between the Lwandle microplate
and the Somalia plate, on the periphery of the
East African Rift System [Bertil and Regnoult, 1998,
Famin et al., 2020, Feuillet et al., 2021, Thinon et al.,
2022] or as a zone of broad deformation extending
up to the northern half of Madagascar [Stamps et al.,
2021].

Recent volcanic activity has been recorded on
Grande Comore [Karthala and La Grille volcanoes,
Bacheélery et al., 2016], Anjouan [Quidelleur et al.,
2022], and Mayotte [Feuillet et al., 2021]. Karthala
Volcano (Grande Comore Island) is one of the largest
active volcanoes in the world and the second most
active volcano in the Indian Ocean with four erup-
tions from 2005 to 2007 [Bachelery et al., 2016,
Morin et al.,, 2016, Thivet et al., 2022]. New K-Ar
and 'C ages demonstrate that volcanism is still ac-
tive on Anjouan, with the youngest activity around
9.6 ka [Quidelleur et al., 2022]. Finally, despite May-
otte being the oldest island of the archipelago with
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Figure 1. Location of the eruptive site off Mayotte’s coast. (a) Comoros Archipelago, underlining the
NW-SE boundary between the Lwandle microplate and the Somalia plate from Famin et al. [2020] (white

dashed line), is composed of two emerged banks

(Zelée and Geyser banks) four main volcanic islands,

from east to west, Mayotte (May), Anjouan (A), Moheli (M) and Grande Comore (GC). Red star: eruptive
site, G: Glorieuses; BL: Leven Bank; SLS: St Lazarus Seamount. (b) Fani Maoré volcanic cone is located
50 km east from offshore Mayotte Island, at the end of the Eastern Volcanic Chain, as delineated by the
white dashed lines [Bacheélery et al., 2021, Feuillet et al., 2021].

a maximum age of 28 Ma for the onset of mag-
matic activity [Masquelet et al., 2022], recent vol-
canic activity has been documented both on land
[possibly as young as 4 ka, Zinke et al., 2003] and on
the distal part of a 60 km long WNW-ESE-oriented
volcanic chain that extends 50 km off the eastern sub-
marine flank of Mayotte up to the 2018-2021 Fani
Maoré new edifice [Figure 1; Berthod et al., 2021b,
Feuillet et al., 2021]. Petite Terre, the eastern volcanic
island of Mayotte, is characterized by the presence of
recent volcanic activity [200 ka, Pelleter et al., 2014]
ranging from older mafic Strombolian scoria cones
to the younger well-preserved phonolitic tuff rings
aligned on N140 trending fractures.

3. Eruption phenomenology

The 2018-2021 volcanic activity most likely started in
early July 2018 after two months of intense seismic

activity at mantle level [Cesca et al., 2020, Lemoine
et al., 2020, Bertil et al., 2021], near the eastern end
of what is now called the “Eastern Volcanic Chain of
Mayotte” [Bachelery et al., 2021, Feuillet et al., 2021].
When the new volcanic edifice, Fani Maoré was first
discovered in May 2019, it had already grown to more
than 820 m high above the seafloor, with an esti-
mated lava volume of 5 km?® [Feuillet et al., 2021]. This
activity caused a strong mobilization of the French
scientific community and the creation of the Mayotte
Volcanological and Seismological Monitoring Net-
work [REVOSIMA, 2022] to record seismic and track
volcanic activity on Mayotte and thereby provide a
better definition of the seismic and volcanic haz-
ards on the island of Mayotte and along the active
submarine volcanic chain. In response to this crisis,
twenty-six oceanographic campaigns have been car-
ried out since May 2019, six of them deploying rock
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Table 1. Location of dredges performed during MAYOBS and GEOFLAMME oceanographic campaigns

Dredges Oceanographic DOI https://doi.org/10.18142/291

Start dredging End dredging

cruise

Latitude

Longitude Depth (m) Latitude Longitude Depth (m)

DRO1 MAYOBS 1

DRO8  MAYOBS2  https://doi.org/10.17600/18001222 12°56.46' S 45°42.88' E 3072
DR10  MAYOBS4 https://doi.org/10.17600/18001238 12°54.94' S 45°4331'E 3120
DR11  MAYOBS4 https://doi.org/10.17600/18001238 12°54.80' S 45°41.57'E 3250
DR12  MAYOBS4 https://doi.org/10.17600/18001238 12°52.90' S 45°42.94'E 3245
DR14  MAYOBS 15 https://doi.org/10.17600/18001745 12°51.94'S 45°40.65' E 3240
DR15 MAYOBS 15 https://doi.org/10.17600/18001745 12°52.71' S 45°40.34' E 3130
DR18  MAYOBS 15 hittps://doi.org/10.17600/18001745 12°52.26' S 45°41.177E 3270
DR19 GEOFLAMME https://doi.org/10.17600/18001297 12°50.63' S 45°40.96' E 3363
DR20 GEOFLAMME https://doi.org/10.17600/18001297 12°52.09’ S 45°40.35'E 3224

https://doi.org/10.17600/18001217 12°54.30' S 45°43.13' E 3050

12°54.51'S 45°43.08' E 2820
12°56.05’ S 45°41.91'E 3050
12°55.05' S 45°43.24'E 2950
12°55.20’ S 45°41.55'E 3228
12°52.97'S 45°42.93'E 3200
12°51.94’ S 45°40.71'E 3210
12°52.80" S 45°40.49'E 3070
12°52.27'S 45°41.03'E 3265
12°50.92' S 45°40.81'E 3369
12°52.24' S 45°40.23' E 3135

dredges [Feuillet, 2019, Feuillet et al., 2021, Fouquet
and Feuillet, 2019, Jorry, 2019, Rinnert et al., 2020,
2021]. These campaigns involve seven multiparam-
eter volcano monitoring cruises [Feuillet, 2019, Fou-
quet and Feuillet, 2019, Jorry, 2019, Rinnert et al.,
2020, 2021], three scientific research campaigns, GE-
OFLAMME [Rinnert et al., 2021], SISMAORE [Thinon
et al., 2021], and SCRATCH [Berthod et al., 2021c], as
well as sixteen short campaigns to retrieve and rede-
ploy OBSs (Ocean Bottom Seismometers) every 3—4
months since February 2019.

These campaigns provide an exceptional time-
series of bathymetric, textural, petrological, and geo-
chemical data for the 2018-2021 eruptive period
(Table 1). Indeed, repeated, high-resolution bathy-
metric surveys, coupled with dredging of erupted
lava at intervals ranging from few hours to few
months, allowed us to follow the syn-eruptive evolu-
tion of the magma throughout the last two years, un-
til the probable end of the eruption in January 2021
when the last active lava flows were detected.

Using data collected during these oceanographic
campaigns, recent studies suggest that the 2018-
2021 eruption has been fed by a deep magmatic sys-
tem rooted in the lithospheric mantle [e.g., Berthod
et al., 2021b, Feuillet et al., 2021, Foix et al., 2021,
Lavayssiere et al., 2022]. Using dredged volcanic
rocks gathered during the first three monitoring cam-
paigns [MAYOBS 1, 2, and 4, Feuillet, 2019, Jorry,
2019, Fouquet and Feuillet, 2019, Rinnert et al.,
2019], Berthod et al. [2021b] concluded that primary
magma is extracted from the mantle at depths of
80-100 km before being stored in a deep magma

reservoir inside the lithospheric mantle. Petrological
[Berthod et al., 2021b] and seismic [Feuillet et al.,
2021, Foix et al., 2021, Lavayssiere et al., 2022] data
indicate that the depth of this reservoir is =35 km
and probably less than 48 km. After ~50% of crystal-
lization in this deep reservoir, and extremely efficient
segregation from its cumulates, an internal or exter-
nal trigger forced the magma to ascend directly and
quickly to the surface where it erupted as aphanitic
basanites [Berthod et al., 2021b] from the onset of the
eruption (May 2018 to May 2019). After May 2019, the
magma output rate slowed down and switched to a
different ascent pathway sampling a small shallower
evolved magma batch at the base of the crust at a
depth of 18 +9 km [Berthod et al., 2021a].

4. Methods
4.1. Dredging protocol

Despite considerable improvements in navigation
and sampling methods in the last decades, includ-
ing the development of Remotely Operated Vehicles
(ROV) and human operated submersibles (e.g., the
manned submarine Nautile), dredging operations re-
main fundamental for sampling and characterizing
submarine volcanic structures and related products.
Its strength relies on its capability to collect a large
quantity of material (up to 1000 kg) that can be used
for various analyses and can usually be regarded as
statistically representative of the studied area. Since
dredging requires fewer logistics than submersibles,
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the related operations are easier to implement, and
were, until the late 1960s, the only way to sample the
seabed [Kidd et al., 1990]. In recent decades, signif-
icant advances have included more accurate navi-
gation systems, improved geophysical survey meth-
ods, and monitoring dredge behavior to ensure that
dredge sampling is as representative as possible of
the geological terrains being investigated. By con-
trast, the design of the dredge used for geological
purposes has remained very simple due to the high
risk of equipment breaking during the operation.
R/V (Research Vessel) Marion Dufresne II and R/V
Pourquoi Pas? use a cylindrical dredge made of a
cylindrical metal base, cut into a 1 m diameter steel
pipe with cutting teeth welded at the edge in order to
break off samples from outcrops. The dredge is linked
to the oceanographic winch cable through swivels,
25 m of cargo ship mooring chain and 150 m of mar-
tyr cable. A fuse link is also inserted between the
metal bail and the chain connection to ensure the
rupture of the martyr cable above a threshold tension
of 120-160 kN. Indeed, if the dredge hooks on an out-
crop and remains stuck, the increasing tension places
the ship’s trawl warp at risk of parting. An ultra-short
baseline (USBL) acoustic beacon (BUC) is positioned
on the trawl cable at about 365 m from the dredge, in
order to record the precise 3D location of the dredge
during the entire operation.

4.1.1. Preparation

An improved preparation procedure was adopted
to select the location and the topographic profile to
be dredged. Several elements had to be considered
beforehand to select the most optimal dredging pro-
file within the studied area:

e For active volcanoes such as Fani Maoré,
a bathymetry differential using the ship’s
multibeam echosounder allowed us to pin-
point potential new eruptive products (such
as lava flows). In some cases, bathymetry was
acquired by ROV or AUV (Autonomous Un-
derwater Vehicle) with a higher resolution.
In addition, if available, the geological map,
slope angles and the reflectivity maps were
used to better define the sampling area.

» For dredging to be effective, we preferred to
operate on a smooth slope (from base to
top without major breaks in slope) so that,

the dredge would be properly orientated and
could easily grab material without emptying
on hooking. However, on some occasions,
dredges were also successfully performed on
nearly flat profiles, where a difference in ele-
vation of only a few meters existed.

» Accounting for meteorological conditions
was also critical, and the vessel was aligned
as much as possible with the currents and
wind directions and preferably facing the
wind and the current, so as to simplify the
ship’s maneuvers during dredging. Note that
meteorological conditions could change
quickly and on occasions the approach
had to be adjusted once the vessel arrived
on site. For better efficiency, several topo-
graphic profiles with different orientations
were prepared in advance using GIS software
to quickly adapt the course of the ship if
needed.

e The general start and end of the sampling
zone of interest was fixed according to the ge-
ological and bathymetric information avail-
able. The ship’s captain could thus plan the
location of the entire dredging operation ac-
cording to the conditions at the time. This re-
quires a precise knowledge of the bathymetry
not just in the zone of interest of dredging,
but on a longer track that is usually about
7 km.

e The dredge was carefully cleaned to ensure
that no rock fragments were retained in the
metal mesh. We occasionally attached below
the cylindrical dredge a “baby-dredge” which
consists of a heavy and resistant iron cast
tube about 0.5 m long and 20 cm in diameter
that hangs with a solid chain below the main
dredge in order to sample the finer grained
material forming the seabed that easily gets
lost filtering through the 3-5 cm sized open-
ings in the metal mesh of the main dredge.
This turned out to be extremely useful on
submarine pyroclastic cones as it allowed us
to sample the pyroclastic matrix of unconsol-
idated volcanic deposits from submarine ex-
plosive activity.

The geographical coordinates of the dredging
profile (latitude, longitude, and depth) were then
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extracted with the help of GIS software (ESRI® Ar-
cGIS or QGIS) to plot the depth profile versus decimal
minutes of longitude or latitude at a 1:1 scale. This
graph was then used to report the GPS coordinates
of the USBL acoustic beacon to track the position
of the dredge graphically precisely during the entire
process.

4.1.2. Dredging

The dredge was launched at the beginning of
the profile and deployed by unwinding the cable
at a speed of 1 m/s. When the dredge reached the
seabed, the vessel started to move towards the end
point of the profile at about 0.5 m/s (1 knot) and
the cable deployment speed was reduced to about
0.3 m/s. The goal of this step was to tilt the dredge
cable line to form an angle of about 40° with the
seafloor and to increase the efficiency of dredging.
During our campaigns, about 4100 m of cable were
deployed for dredging operations at around 3500 m
water depth.

Once the optimum tilt was reached, the cable
deployment was stopped, the ship slowed down to
0.25 m/s (0.5 knots) and the dredging operation
started following the dredge route planned previ-
ously. All the information, from the descent to the
end of the dredging operation, was recorded. A ten-
siometer monitored the load on the ship’s cable to
follow the dredge behavior on the seabed, and to
identify potential “hooks” when the dredge was sup-
posedly sampling. For each hook, we recorded on
the dredge profile (i) the position of the BUC, (ii) the
time, and (iii) the tension of the cable. The known
length between the BUC and the dredge (e.g., 365 m
during MAYOBS 15 campaign) allowed us to precisely
locate the dredge on the seafloor on a 2D plot of
the dredge profile. For the latest MAYOBS 21 cam-
paign, dredging was also followed with the software
VGraph3D in which the topography is shown to-
gether with the position of the BUC and the ves-
sel. Careful attention was paid to the time-series of
the hooks along the dredging profile to interpret in
real-time the behavior of the dredge, whether it was
stuck, and whether it had lifted off the seabed, poten-
tially empty. The amplitude of the hooks was care-
fully monitored so that they do not exceed the 120-
kN safety threshold. After half a dozen hooks, the ves-
sel stopped and the hopefully full dredge was brought
back on board and its weight recorded. While pulling

the dredge, several new hooks were often recorded
that might have caused the dredge to get stuck. When
this happened, we often managed to free the dredge
by driving the vessel backward until it was in vertical
alignment with the dredge so that the cable could be
rewound a bit thus lifting the dredge off the blockage
point.

For sampling sites located at 3500 m BSL, the en-
tire dredging operation usually lasted approximately
6 h: 1.5 h for launching and descent at 1 m/s, 1.5 h
for deployment, 1 h for dredging, and 1.5 h for ascent
and boarding.

4.2. Chemical analyses

4.2.1. X-ray fluorescence analyses (XRF)

Bulk-rock major element compositions were ob-
tained for forty-seven samples from ten dredges on
the eruption site (Table 1). Samples were analyzed
with an Epsilon 3 x1 X-ray fluorometer (Malvern-
Panalytical) at the plateforme “Rayons X"—
Université de Paris (Paris, France). The fluorom-
eter is equipped with an Ag X-ray tube operating
under He atmosphere, with four conditions during
120 s: 5 kV-60 pA without filter for analysis of Na,
Mg, Al and Si, 10 kV=30 pA with a 7 pm titanium
filter for the analysis of P, 12 kV-25 pA with a 50 pm
aluminum filter for the analysis of Ca, K and Ti, and
20 kV=15 pA with a 200 um aluminum filter for anal-
ysis of Mn and Fe. Samples were mixed with a fluxing
agent (0.1136 g of sample, 1.2312 g of fluxing agent,
either LiBO; or Li,B407) and 0.0187 g of non-wetting
agent (LiBr) and melted in a platinum crucible at
1050 °C for 25 min in a fusion instrument (LeNeo
fluxer, Claisse). Calibration curves were obtained
from identical beads of fifteen geological reference
materials (ACE, ANG, BCR-2, BEN, BHVO-2, BIR-1,
BXN, DTN, FKN, GSN, MAN, Mica-Fe, Osh BO, UBN
and BR24). The curves are perfectly linear over the
entire concentration range. Analytical uncertainties
(+1o0) are <5% for TiO,, MnO and Fe,0Os3; 5% for
MgO, SiO» and CaO; 10% for Al,O3, P,O5 and KO
and 20% for Na,O.

4.2.2. ICP-MS analyses

Trace element concentrations were analyzed by
ICP-MS at Institut de Physique du Globe de Paris
(IPGP, Paris, France). Around 50 mg of powdered rock
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samples were digested using a mix of 2 ml concen-
trated HNO3 and 1 ml concentrated HE heated in
closed Teflon vessels at 110 °C for 24 h. An addi-
tional 3 ml of concentrated HNO3 was added to the
samples after cooling and the mix was heated for an-
other 24 h at 110 °C. Finally, 45 ml of ultrapure water
was added to the samples after cooling and the solu-
tions were sonicated for 4 h. Samples were analyzed
24-48 h later, after an additional 10x dilution with
ultrapure water, using an inert introduction system
on an Agilent 7900 ICP-MS. Calibration of rock sam-
ples was done against a BEN rock standard [Jochum
etal., 2016]. Analytical uncertainties are 6% or less for
lithophile elements and 15% or less for chalcophile
elements.

4.2.3. Electron probe microanalysis

The chemical composition of minerals and glasses
was analyzed using the CAMECA SXFive Tactis elec-
tron microprobe at Laboratoire Magmas et Volcans
(LMV, Clermont-Ferrand, France). For minerals, we
used a 15 kV accelerating potential and a 15 nA probe
current with a focused beam for major and minor el-
ements, with 10 s counting times. We analyzed both
mineral rims and cores although no difference was
visible except for olivine antecrysts. For glasses, the
beam current was reduced to 8 nA, the beam was
defocused to a 20 um diameter, and alkali elements
were counted first in order to avoid Na loss caused
by beam interaction. Glasses were only analyzed in
glassy areas close to pillow rims and away from crys-
tals to avoid any modification due to diffusion during
quenching. Natural and synthetic mineral standards,
including orthoclase (K, Al), albite (Na), wollastonite
(Si, Ca), fayalite (Fe), forsterite (Mg), TiMnO3z (Ti,
Mn), NiO (Ni), Cr»03 (Cr), and fluorapatite (P) were
used for routine calibration.

5. Results
5.1. Lava flows chronology

Repeated bathymetric surveys with the ship’s multi-
beam echosounder have systematically been gath-
ered during the MAYOBS campaigns over the areas
of eruptive activity following specific data acquisi-
tion protocols, leading to bathymetric grids with a
resolution of 7 m to 30 m. Some of the key objec-
tives of these repeated surveys were to be able to
track the evolution of the active lava flow field along

with the eruptive activity. Due to the depth of the vol-
cano, new volcanic materials can be inferred when
depth changes between two surveys exceed 10 m
over a sufficiently large area. In some conditions, this
depth differential threshold can be as low as 5 m. Af-
ter each survey, a preliminary analysis of depth dif-
ferences was achieved, and the results announced
by the REVOSIMA. A re-examination of the whole
bathymetry dataset is now in progress to quantify
more accurately the volumes and flux of erupted ma-
terial and their evolution over time.

Figure 2 synthesizes the spatio-temporal evolu-
tion of the overall contours of the different active lava
flows. The compound lava flow field was mapped af-
ter each bathymetric survey using a combination of
bathymetric data, differential time-lapse bathymet-
ric analysis and ocean bottom reflectivity data. Sev-
eral phases of lava flow eruption can be identified,
ordered chronologically, and matched with the cor-
responding dredges performed during the different
surveys (Figure 2). Phase 1 corresponds to the vol-
canic field and the new edifice discovered during the
first MAYOBS campaign [Feuillet et al., 2021]. The
structure, evidenced by comparing their data to those
acquired during a 2014 survey by the French Naval
Hydrographic and Oceanographic Service (SHOM), is
composed of a main central edifice with radial ridges,
up to 300 m thick and extending up to 5 km north and
south, emplaced between July 2018 and May 2019
[Figure 2a, Feuillet et al., 2021]. Phase 2 marks the
emplacement, from new vents, of two widespread
lava flow fields in the southern and southwestern dis-
tal part of the main edifice. Between August 2019 and
January 2021, numerous lava flows were emplaced
in a new distinct area, located 6 km northwest from
the main central edifice suggesting the occurrence of
a third phase (Figure 2a,b). The growth of the main
edifice stopped sometime between August 2019 and
May 2020. At the time of writing (June 2022), pre-
liminary estimates indicate that the entire eruption
produced a bulk volume (not corrected for vesicu-
larity) of about 6.55 km® of magma [Deplus et al,,
2019, REVOSIMA, 2022]. The eruptive flux was very
high during Phase 1, on the order of 150 to 200 m3/s
[REVOSIMA, 2019, Deplus et al., 2019] and progres-
sively decreased throughout the eruption (Phase 2)
and in particular for lavas emplaced at the north-
western site, during Phase 3 [Berthod et al., 2021b,
REVOSIMA, 2020].
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Figure 2. (cont.) (a) Distinct lava flows identified from bathymetry data collected during the MAYOBS
oceanographic campaigns [Feuillet, 2019, Jorry, 2019, Fouquet and Feuillet, 2019, Rinnert et al., 2019]
and the GEOFLAMME cruise [Rinnert et al., 2021]. DR labels correspond to the dredges. (b) Close-up
view on the last eruptive site, located 6 km northwest of the main volcanic cone and collected during
the MAYOBS 15 campaign [Rinnert et al., 2019] and the GEOFLAMME campaign [Rinnert et al., 2021].
(c) Sampling related to eruption timing. DR01, DR10 and DR12 lavas were erupted before May 2019
during the cone-building (Phase 1); DR08 and DR11 are lava flows erupted in June and July 2019 (Phase 2).
DR14-01/03 sampled a lava flow erupted between May and October 2020, while DR15 and DR19 sampled
different facies of a complex lava flow field erupted between August 2019 and May 2020 (Phase 3a). DR14-
02 lava was erupted between the October 6th-13th 2020 and DR18 sampled a lava flow erupted on the
night of October 19th-20th 2020 and which has been observed glowing red with the SCAMPI camera
during MAYOBS 15 campaign [REVOSIMA, 2020, Rinnert et al., 2020], DR20 erupted between 20 October
2020 and 18 January 2021 (Phase 3b). The subdivision of Phase 3 is proposed from our petrological
observations. See Section 5.3 for further explanation.

5.2. Samples

Most dredged samples are fragments of pillow lavas,
centimetric to pluridecimetric in size (Figure 3a),
that present five different textural facies that are de-
scribed as follows from the outside to the inside.

Facies 1 is the quenched, shiny glassy black outer
rim with a thickness of about 2-3 cm thick (Fig-
ure 3b). This chilled margin, of variable thickness,
is cracked and micro-vesiculated. It flakes off eas-
ily, sometimes very dynamically as a popping rock,
forming numerous glass fragments. The vesicle’s con-
cave outer surfaces are often coated with golden
metallic deposits giving a very distinctive iridescent
sheen to the glassy lava. When preserved, the surface
of this facies is wrinkled with millimetric grooves.
This surface is often covered with clusters of orange
precipitates, which can also fill fractures within the
pillow.

Facies 2 is thicker (6-7 cm), less glassy with a less
shiny and duller appearance compared to Facies 1.
Although it is massive, it is nevertheless character-
ized by an increase in the size and proportion of vesi-
cles (Figure 3b). The vesicles are mostly sub-spherical
with diameters varying between 3.5 mm to 2.0 cm.
However, the convoluted shape and irregular outline
of the largest vesicles are evidence that coalescence is
observable and tends to increase towards the internal
part of the pillow lava. All thin sections were made in
the outermost chilled margin preserved in the recov-
ered clasts (mostly Facies 1, exceptionally Facies 2) to
ensure a rapid quenching in contact with water, and
to avoid post-eruptive crystallization processes.

Facies 3 is characterized by the presence of many
centimeters long (4-5 cm), tubular but undulat-
ing pipes that are oriented perpendicular to the
quenched pillow outer surface and that do not
penetrate through the lower contact with Facies 2
(Figure 3b).

Facies 4 is characterized by elongated vesicles par-
allel to the boundary between Facies 3 and Facies 4
(Figure 3b). This part of the pillow is also charac-
terized by prismatic fractures forming a polygonal
pattern.

Finally, Facies 5 corresponds to the core of the
pillow lava. It often shows a succession of centi-
metric layers sub-parallel to the outer glassy sur-
face (Facies 1) that are characterized each by a ho-
mogeneous vesicularity that differs from the next
neighboring layer which can be more vesiculated, in
terms of vesicle size and abundance. Vesicles tend
to be aligned along a direction sub-parallel to the
outer glassy convex surface of the pillow. Vesicles
have coalesced to form cavities (2 x 3 cm in size) that
have joined together to form radial pipes that are
generally perpendicular to the outer pillow’s surface
(Figure 3b).

5.3. Petrology
5.3.1. Phase 1: lavas of the main edifice

Samples from Phase 1 (DRO1, DR10, and DR12)
are glassy, almost aphyric [<4 vol.% crystals, Berthod
et al.,, 2021b] and highly vesicular (average vesicular-
ity of 35 vol.%). Crystals include 50-700 pm olivine
co-crystallizing with smaller 50-100 pm magnetite
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Figure 3. (a) Picture and (b) simplified sketch of a poorly fractured pillow-lava dredged during the
MAYOBS campaigns (DR15-02), measuring 42 x 39 x 36 cm.

(Figure 4a,b), often grouped as small clusters. Many
olivine crystals are skeletal, with numerous inclu-
sions and embayments, although euhedral crystals
are also present. Most magnetite crystals display eu-
hedral shapes. Olivine and magnetite crystals are ob-
served in the chilled margins. No apatite or ilmenite
have been observed.

5.3.2. Phase 2: distal lavas from the southern and
southwestern eruptive vents

Samples from Phase 2 (DR08 and DR11) display
glassy and aphyric textures (Figure 4c,d). Clusters of
olivine and magnetite crystals, similar to those ob-
served in Phase 1 samples, are here associated with
apatite crystals (up to 20 um in length). The textu-
ral relationships suggest that all three minerals crys-
tallized at the same time. The formation of an early
immiscible sulfide melt is evidenced by the presence
of small spherical droplets of iron sulfide (<10 pm in
diameter).

A small number of large (up to 2.5 mm long)
reversely zoned olivine crystals with Fe-rich cores
and Mg-rich overgrowths are present in all sam-
ples from Phase 2. Since Berthod et al. [2021a]
showed that these crystals were sampled by the

basanitic magma during its ascent towards the sur-
face, they are interpreted as antecrysts. Some of the
cores contain numerous embayments. Contrary to
the outer euhedral faces, these embayments do not
display overgrowths (Figure 4e). Co-crystallization of
magnetite with olivine, as observed within Phase 1
samples, is also found in the Mg-rich overgrowth.
Rounded ilmenite grains, surrounded by magnetite
overgrowths, are observed in all samples (Figure 4f).
Ilmenite inclusions, associated with magnetite and
apatite, are observed in some olivine Fe-rich cores.
Rare millimetric antecrysts of clinopyroxene and
rounded apatite crystals have been described in one
sample [Berthod et al., 2021b].

5.3.3. Phase 3a: northwestern eruptive area

After August 2019, the activity shifted to a new
eruptive area 6 km northwest of the main edifice
(Figure 2a,b). The petrological description of lava
flows from this Phase 3 are presented chronologically
(Figures 5 and 6).

The first erupted lava flows at the northwestern
site (DR15 and DR19) show a similar mineralogy than
Phase 2 samples. They contain clusters of euhedral to
skeletal olivine crystals (50 to 500 pm, Figure 5a,b),
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Figure 4. Back-scattered electron (BSE) microscope images of samples from Phases 1 and 2, (a) DR10
sample contains clusters made of co-crystallized skeletal olivine and euhedral magnetite crystals. Skeletal
olivine in intergrowth with magnetite are also observed in (b) DR12, (c) DR08, and (d) DR11 samples.
Apatite crystals also appear in these Phase 2 samples. Reversely zoned olivine with rounded cores and
rounded magnetite crystals are present in (e) DR08 and (f) DR11 samples. These Phase 2 lava flows also
contain resorbed ilmenite surrounded by magnetite. Ol: Olivine, Mag: Ti-rich Magnetite, Ilm: Ilmenite,
Ap: Apatite.
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Phase 3a

Phase 3b

Figure 5. Petrographic characteristics of Phase 3 samples from the NW eruptive site viewed under cross-
polarized transmitted light (a) typical olivine crystals in sample DR15. (b) Zoned olivine antecryst in
sample DR15 with possible dissolution texture. (c) Sample DR14-02 and (d) sample DR18-01 contain
plagioclase laths in the matrix. Ol: olivine, Pl: Plagioclase.

in intergrowth with magnetite (up to 200 um) and
apatite crystals. Euhedral to skeletal apatite crystals
are more abundant than in Phase 2 samples and can
reach 150 um in length. Droplets of immiscible sul-
fide melts, up to 20-30 um in diameter, are associ-
ated with or included in magnetite crystals. As with
the Phase 2 lavas, those samples also contain an ante-
cryst cargo comprising reversely zoned olivine (0.5-
3 mm, Figure 5b) and rounded ilmenite crystals with
magnetite rims (up to 800 num, Figure 6a). No clinopy-
roxene has been observed.

Three different types of samples were recovered
from dredge DR14: (i) samples labeled DR14-03
and DRI15 are petrographically identical. (ii) Sam-
ples DR14-01 are also similar to DR15 but for the
appearance of a few small plagioclase laths (Fig-
ure 6b). (iii) The third category of samples, DR14-02

is significantly different from the other DR14 samples
and will be described below with the latest eruptive
products.

5.3.4. Phase 3b: most recent eruptive products

The samples from the most recent lava flows
(DR18-01, DR20, and DR14-02) from the NW
eruptive area are glassy and contain crystals of
olivine (<1000 pm), magnetite (<400 um), ap-
atite (<200 pum), and plagioclase (<500 pm, aver-
age 150 um, Figures 5c¢,d and 6c¢,d). Olivine crystals
are often skeletal and contain numerous melt inclu-
sions and embayments. Olivine, apatite, and mag-
netite crystals show evidence of co-crystallization,
whereas plagioclase crystals are isolated. The pla-
gioclase content quickly increases toward the core
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1

Figure 6. Back-scattered electron microscope images of Phase 3 samples from the Phase 3b, on north-
western site. (a) Rounded ilmenite antecryst surrounded by magnetite in sample DR15. (b) Crystals of
olivine, plagioclase, magnetite, and apatite in sample DR14-01. (c) Olivine-magnetite-sulfide cluster in
sample DR14-02 (sulfide are the small light blebs inside the olivine and the larger one in-between the
two largest olivine crystals). (d) Olivine, magnetite, plagioclase, and apatite crystals in sample DR18-01.
OL: Olivine, Mag: Ti-rich Magnetite, Im: Ilmenite, Ap: Apatite, S: Sulfide blebs.

of the pillow lava fragments, giving them a dikty-
taxitic texture. Contrary to DR15, DR19, and Phase 2
samples, no reversely zoned olivine or magnetite-
rimmed ilmenite have been observed in those sam-
ples. Rounded sulfide droplets (up to 100 pm in di-
ameter) are abundant, either as inclusions within
oxides and sometimes within olivine, or associated
with magnetite-olivine-apatite clusters.

The differences in paragenesis (absence/presence
of reversely zoned olivine or magnetite-rimmed il-
menite, and plagioclase) and in droplet contents sug-
gest that Phase 3 can be divided into two sub-phases:
Phase 3a (DR14-01, DR14-03, DR15, and DR19) and
Phase 3b (DR14-02, DR18-01, and DR20).

5.4. Bulk-rock composition

All major element data presented here (Figure 7 and
Supplementary Table 1) have been normalized to
100%, volatile-free, to facilitate comparisons. Origi-
nal XRF totals are reported in Supplementary Table 1.
Major and trace element compositions are similar
to those previously reported for the entire Comoros
Archipelago [Spith et al., 1996, Claude-Ivanaj et al,,
1998, Class et al., 1998, Deniel, 1998, Bachelery and
Hémond, 2016].

Overall, all erupted samples display a well-defined
differentiation trend in all Harker-type element plots
(Figure 7). The few outliers are likely due to some
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Figure 7. Bulk-rock geochemical evolution of dredged lavas from the eruption site. The caption presents

dredges in chronological order. Crosses are referen
et al., 1996, Pelleter et al., 2014].

crystal accumulation. The most primitive samples
are those erupted during Phase 1 (particularly sam-
ples from DRO1), the most evolved samples have
erupted either during Phase 2 (DR08 and DR11) or at
the northwestern eruptive site during Phase 3 (DR15
and DR19).

ce data for Mayotte lavas [Nougier et al., 1986, Spath

Early erupted lavas of Phase 1 (DR01, DR10, and
DR12) are evolved basanites with a MgO content
of 4.0-5.0 wt% and a K,O content of 2.2-2.5 wt%
(Figure 7a,b). In these samples, TiO,, Ni, Co, Sc and
Zr contents vary from 3.0-3.4 wt%, 42.3-65.2 ppm,
26.5-32.9 ppm, 0.8-15.9 ppm, and 257-287 ppm
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respectively (Figure 7c-g). Few variations are ob-
served within the eruptive products of Phase 1, al-
though DROL1 is slightly more primitive than DR12
and DR10 with MgO ranging between 4.4-5.0 wt%,
4.3-4.7 wt%, and 4.0-4.2 wt%, respectively. K,O,
TiO,, and Ni contents confirm this observation.
Phase 2 lavas, sampled by DR08 and DR11 dredges,
display more evolved basanitic compositions with
3.4-4.3 wt% MgO and 2.5-3.0 wt% K,O. TiO, and
Ni contents range from 2.4 to 3.1 wt% and 17.7 to
38 wt%, respectively. Co and Sc ranging from 22.8
to 32.8 ppm and from 12.1 to 18.0 ppm, respectively
(Figure 7e,f).

The geochemical evolution of the eruptive prod-
ucts tends to continue for Phase 3a lavas on the new
northwestern eruptive site (Figure 2a,b), with DR15
and DR19 characterized by the lowest MgO con-
tents (3.6-4.0 wt%). TiO,, Ni, Co, Sc and Zr contents
are also slightly lower with values below 3.0 wt%,
36.2 ppm, 25.3 ppm, 13.3 ppm, and 305 ppm, re-
spectively. K,O content is above 2.5 wt%. Lavas from
dredge DR15 are in the phono-tephrite field of a TAS
diagram, not the basanite field. In contrast, all other
samples still qualify as basanites.

Different types of samples are present within
the DR14 dredge (Phase 3). DR14-01 and DR14-
03 samples are similar to Phase 2 lavas with 3.8-
4.1 wt% MgO, 2.5-2.6 wt% K,0, 2.9-3.0 wt% TiOy,
16.0-36.7 ppm Ni, 23.8 ppm Co, 13.6 ppm Sc, and
286-293 ppm Zr. However, DR14-02, as well as DR18-
01, which belong to Phase 3b and are slightly more
primitive and similar to Phase 1 (DR10 and DR12).
MgO, K,O, TiO,, and Ni contents of DR18-01 and
DR14-02 samples range from 4.2-4.4 wt%, 2.4-
2.5 wt%, 3.1-3.3 wt%, and 19-43.9 ppm, respec-
tively. Co, Sc, and Zr contents vary between 26.3—
27.6 ppm, 14.2-15.1 ppm, and 286-292 ppm, respec-
tively.

Finally, the youngest flow also erupted during
Phase 3b, DR20, displays the most primitive compo-
sition of the northwestern eruptive site with 4.5 wt%
MgO, 2.3 wt% KO, 3.3 wt% TiOz, 42.9 ppm Ni,
30.5 ppm Co, 13.8 ppm Sc, and 292 ppm Zr.

5.5. Mineral chemistry

The compositions of olivine crystals in Phase 1 sam-
ples (DRO1, DR10, and DR12) approximate a Gauss-
ian distribution with a Fo content varying from 70 to

73% (Figure 8 and Supplementary Table 2), suggest-
ing the presence of a single population. Olivine crys-
tals and the borders of reversely zoned olivine ante-
crysts in Phase 2 samples are slightly more evolved
with a Fo content mainly below 71% (68-70% and
69-70% for DR08 and DR11, respectively, Figure 9).
As described in previous work [e.g., Berthod et al.,
2021b], the core of the zoned olivines have a much
more evolved composition than the rims, ranging be-
tween Fosg_57 and between Fos,_gg in DR0O8 and DR11
samples, respectively. Phase 3a samples erupted at
the northwestern site (DR14-01, DR14-03, DRI15,
and DR19) also contain two distinct populations of
olivine: Fog7_7¢ olivine crystals and zoned olivine
antecrysts rims, which are more evolved than those
from Phase 2, and Fosg_g3 cores of reversely zoned
olivine (Figure 8). No olivine core has been analyzed
in DR19 but they are visible in thin sections. The
Fo content within the olivine crystals in Phase 3b
samples vary from 69 to 72% (DR14-02, DR18-01,
and DR20).

In all of our samples, Fe-Ti oxides in intergrowth
with olivine crystals are Ti-rich magnetites, with FeO
and TiO, contents ranging from 63.5 to 74.5 wt%
and from 12.7 to 22.2 wt%, respectively (Supplemen-
tary Table 3). Magnetite-rimmed ilmenite observed
in DR08, DR11, DR14, and DR15 samples are char-
acterized by 45.5-50.7 wt% TiO,, and 40.6-45.9 wt%
FeO.

DR14-01, DR14-02, DR18-01, and DR20 sam-
ples contain plagioclase crystals with composi-
tions at Anggs5Abgr 48013, Ansi_s58Absg-460123,
Ang7_3Ab35 49012 4, and at Ansz 58Abgg 44012 3 TE-
spectively (Supplementary Table 4).

Rare glassy melt inclusions are found in a vari-
ety of crystals (olivine, magnetite) and antecrysts
(olivine, ilmenite, and magnetite) but are usu-
ally small (<10 um). In order to identify the par-
ent magma(s) of the antecryst cargo, we carefully
looked for melt inclusions in antecrysts. We ana-
lyzed one larger inclusion in sample DR14-01, 70 um
in diameter and containing a gas bubble, hosted
within the core of a reversely zoned olivine. The in-
clusion is tephri-phonolitic (56 wt% SiO, and 10 wt%
Nay0 + K»O) when normalized on an anhydrous
basis, (Supplementary Table 5), and in equilib-
rium with its Fogp olivine host [Kdpe/mg = 0.296
assuming 15% Fe®* in the melt, Roeder and Emslie,
1970].
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6. Discussion

6.1. Syn-eruptive evolution evidenced from high-
precision sampling

Following the methodology developed for subaerial
eruptions at monitored volcanoes [Corsaro and Mi-
raglia, 2005, 2022, Di Muro et al., 2014, Edmonds
et al., 2013, Gansecki et al., 2019, Gurioli et al., 2018,
Re et al., 2021], petrological and geochemical ap-
proaches provide an exceptional dataset for a subma-
rine eruption sequence. Here, differential bathymet-
ric datasets and high-precision dredging performed
during the MAYOBS campaigns [Rinnert et al., 2019]
allowed us to constrain the evolution of magma stor-
age and transfer processes throughout this long-lived
voluminous submarine eruption, both in time and
space.

Phases 1 and 2 of the eruption were first sampled
in May and July 2019, more than ten months after
the beginning of the eruption, and when the Fani
Maoré volcanic cone was already more than 800 m
high. The samples, collected during the first three
campaigns [MAYOBS 1, 2, and 4, Feuillet, 2019, Jorry,
2019, Fouquet and Feuillet, 2019, Rinnert et al., 2019],
are therefore probably not representative of the very
first lavas erupted during this eruption. Phase 1 lavas
sampled by the DR01, DR10, and DR12 dredges are
crystal-poor basanites (4.0-5.0 wt% MgO, Figure 7)
with skeletal crystals (Figure 4a,b) and high pre-
eruptive water content [up to 2.3 wt%, Berthod et al.,
2021b]. During this first phase that spanned the first
year of the eruption (Figure 2), the Fani Maoré erup-
tion was fed by direct ascent of magma from a deep
mantle lithospheric reservoir [=35 km deep, Berthod
et al., 2021b] to the surface. The shape and size of
crystals (one single population with skeletal habits)
indicate that most of the crystallization occurred late,
in the shallow part of the ascending dyke. Phase 2
lavas (DR08 and DR11 samples, Figure 2) are more
evolved (3.4 to 4.3 wt% MgO, Figure 7) than those
from Phase 1. They contain reversely zoned olivine
antecrysts (Fogg_70 rims surrounding Fosz_go cores,
Figures 4c-f and 8). Berthod et al. [2021b] showed
that this magmatic evolution is mirrored by a de-
crease in vesicularity (from an average of 35 vol.%
for phase 1 to 18 vol.% for phase 2), vesicle number
density and dissolved water content, indicating that
Phase 2 lavas were increasingly outgassed. Reverse
zoning in olivine antecrysts records the interaction

between the hot basanitic magma, ascending from
=35 km, and more differentiated magma residing at
shallower depths. Altogether, Phases 1 and 2 corre-
spond to the eruption of ~5.0 km® of magma [Deplus
etal, 2019, Feuillet et al., 2021].

Using samples collected during the MAYOBS 15
(DR14, DR15, and DR18, Table 1) and GEOFLAMME
campaigns (DR19 and DR20, Table 1), we can now
provide new petrological evidence on the eruptive
sequence. As of August 2019, the eruption switched
to a new site located 6 km northwest from the Fani
Maoré volcanic edifice, i.e. more than 5 km from the
lava flows dredged at the end of Phase 2, in July 2019,
west of the main cone (DR11). There is no evidence
that these two eruptive sites could have worked si-
multaneously, but this cannot be completely ruled
out either. This change of the eruption site and the
construction, at this new eruptive vent, of a large
volcanic complex of more than 1.55 km® between
August 2019 and January 2021 [REVOSIMA, 2020,
2022, Deplus et al., 2019], is the result of a signif-
icant shift in magma transfer during the eruption.
This leads us to define a third phase for the erup-
tive sequence starting in August 2019. However, it is
important to note that the first lava flows emplaced
at this NW eruptive vent area (DR15 and DR19,
Phase 3a) have similar compositions and mineral as-
semblages than the 2019 July distal flows (DR08 and
DRI11), with 3.6-3.7 wt% bulk MgO, Fog7_g9 olivine
crystals, and zoned olivine antecrysts with Fosg_g3
cores (Figures 5, 7 and 8). Subsequent flows, em-
placed between May and October 2020 (DR14-01 and
DR14-03 samples, Figures 5, 7, and 8), also share the
same characteristics. Phase 3a samples are thus sim-
ilar to Phase 2 samples but emplaced at a different
location.

On the contrary, later eruptive products emplaced
at the end of 2020 within the northwestern erup-
tive area (Phase 3b, after October, Figure 2), are
more primitive with whole-rock and mineral com-
positions and assemblages similar to the early prod-
ucts of Phase 1 (bulk-rock MgO up to 4.5 wt%, Fo7¢_72
olivine, Figures 7 and 8, absence of reversely zoned
olivine antecrysts, Figures 5 and 6). So, we consider
that the samples from dredges DR18 and DR20 may
characterize a new phase of the eruption or an evolu-
tion of the Phase 3.

To summarize, we observed a geochemical evolu-
tion of the eruptive products towards more evolved
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composition until October 2020 (Figure 9). Eruptive
products then became more primitive, reaching
compositions approaching that of the early erupted
products. Processes such as (1) fractional crystal-
lization followed by a recharge of a more primitive
composition, or (2) mixing with a more differentiated
melt until exhaustion of this melt, can account for
such geochemical evolution.

6.2. Syn-eruption variations related to fractional
crystallization

Using whole-rock and mineral analyses, we showed
a slight geochemical evolution within Phase 1 lavas
(Figures 7-9). Bulk MgO content decreases from 4.4—
5.0 wt%, 4.3-4.7 wt% to 4.0-4.2 wt% in DRO1, DR12,
and DR10 samples, respectively (Figures 7 and 9a).
Olivine compositions follow the same trend with
forsterite content slightly decreasing from 70-73%,
71-73% to 70-72% in DRO1, DR12, and DR10 sam-
ples, respectively (Figures 8 and 9b).

These small, but significant, compositional varia-
tions contrast with the size of the very large 820 m-
high Fani Maoré edifice built between July 2018
and May 2019 (Phase 1) during a complex evolu-
tion consisting of multiple constructional structures
(Figure 2). The dimension of the eruptive area, which
extends more than 10 km in latitude and 5 km in lon-
gitude, and the morphologies constituting the vol-
canic edifice (central lava cone, ridges that are prob-
ably rift zones, an extensive and well-developed lava
tunnel system and distal flows) are consistent with
the existence of multiple construction phases. It is
important to note that the samples characterizing
Phase 1 were collected on the flanks (near the sum-
mit and along the ridges) of the Fani Maoré volcanic
edifice. They probably are compositions more repre-
sentative of the end of the construction of this very
large and voluminous volcanic cone of several km?,
given that the early products were completely buried
and/or have not been sampled yet. The overall poorly
evolved nature of Phase 1 magmas (44.2-46.3 wt%
SiOy and low 4.0-5.0 wt% MgO, Figure 7), their tem-
perature [1151 + 20 °C; Berthod et al., 2021b], their
aphyric and highly vesicular character, indicate a
very low viscosity and confirms that Phase 1 lavas can
spread over several kilometers.

The early development and growth of the Phase 1
and Phase 2 edifice may result from (i) multiple

vents distributed with a N-S orientation and/or
(ii) multiple pulses of magma arriving at the surface
with different compositions in distinct sectors. It is
likely, as frequently observed during high-eruption
rate of voluminous Hawaiian basaltic eruptions
[Gansecki et al., 2019], that the eruption started with
numerous vents on a linear surface expression of the
underlying feeding dyke with high-volume eruption
rate and that progressively the activity concentrated
to a more localized “cylindrical vent” in order to
maintain thermal energy. Our petrological and geo-
chemical data do not allow us to determine which
process predominates. Whatever the development
and growth of the edifice, our data shows that the
slight geochemical evolution found in Phase 1 erup-
tive products is related to fractional crystallization
of the magma in the deep magma reservoir [Berthod
et al., 2021b]. Magma evolution of Phases 1 and 2
could be compatible with crystallization of clinopy-
roxene (decreasing CaO/Al,O3 and Sc with decreas-
ing MgO, Figure 7c¢,f) and olivine (decreasing Ni,
Co, Cr, and Cu with MgO, Figure 7c,d). A significant
decrease in V and FeO may be related to magnetite
fractionation although it could at least in part be
explained by significant clinopyroxene fractionation.
In both Phase 1 and Phase 2 products, there is no
evidence of feldspar fractionation: Na,O, K,0O, and
Ba are strongly incompatible, and Eu concentrations
show no anomaly [Berthod et al., 2021b]. In order to
quantify this fractional crystallization hypothesis, we
used both trace element and Rhyolite-MELTS models
[Ghiorso and Sack, 1995, Gualda et al., 2012, Ghiorso
and Gualda, 2015].

Using a back-crystallization model similar to the
one developed by Spéth et al. [1996], Berthod et al.
[2021b] concluded that the most primitive basan-
ite erupted by Fani Maoré is derived from primary
mantle melts through deep fractionation of a cu-
mulate composed of 80% clinopyroxene and 20%
olivine. A similar forward model was computed by
adding small increments of equilibrium olivine and
clinopyroxene compositions, starting from the most
primitive composition DR01-04 (Supplementary
Table 1). The proportions of olivine and clinopy-
roxene were adjusted to fit the general trend of
lavas from the eruption site (Figure 10, Supplemen-
tary Table 6). The entire trend from the eruption
site could be explained by ~7% of crystallization
(20% ol + 80% cpx). The fit is usually good, except for
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Figure 10. Fractional crystallization models (80% cpx and 20% ol crystallization model and Rhyolite-
MELTS modeling at 1.0 GPa, FMQ-1, with 2.3 wt% H,0) and mixing model performed to reproduce the
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magma at the end of Phase 1) and the melt inclusion in reversely zoned olivine (composition of the tephri-
phonolitic magma from the shallower reservoir). P1-P3b: Phase 1 to Phase 3b.

K,0O (and in smaller amounts Na,O) which cannot
be fitted by a crystallization model beyond sam-
ples from Phase 1. The model also slightly overesti-
mates Ti and Fe, but this could easily be explained by
adding small amounts of magnetite crystallization.

A fractional crystallization model was also run us-
ing the Rhyolite-MELTS software [Ghiorso and Sack,
1995, Gualda et al., 2012, Ghiorso and Gualda, 2015].
We also use the bulk composition of the most primi-
tive sample, DR01-04, as parental melt. Magma stor-
age conditions were set at 1.0 GPa with 2.3 wt% H,0
and an oxygen fugacity at FMQ-1. Temperature de-
creased from 1250 to 950 °C, with a 10 °C step. Since
no orthopyroxene and garnet crystals were found in
Comoros lavas, they were excluded from the crystal-
lizing assemblage.

Except for P»0s5, our modeling results match
well for all major elements with the trend defined
by the compositions erupted at the beginning of

the sequence (Phase 1) and are consistent with an
evolution dominated by fractional crystallization
producing the slight variability of Phase 1 (Figure 10,
Supplementary Table 7). The geochemical differ-
ences between DR0O1 and DR10 samples (Phase 1)
can be attributed to 7-9% of fractional crystallization
of a crystalline assemblage composed of clinopyrox-
ene, spinel, Fe-Ti oxides, and apatite (Figure 10). This
magma evolution by fractional crystallization during
part of Phase 1 could reflect progressive cooling of
the deep magma reservoir during the first year of
the eruption. However, our model cannot account
for the evolution of lava composition for the rest of
the eruptive sequence (Phases 2 and 3). For example,
the evolution of K,O contents analyzed in lava flows
of Phases 2 and 3 shows a clear contrast with the
modeled K;O contents (Figure 10), indicating that
another process involving potassium enrichment of
the magma must occur.
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6.3. Syn-eruptive variations related to mixing

The presence of reversely zoned olivine and
magnetite-rimmed ilmenite in distal lava flows em-
placed on the western and southern flanks of the
main volcanic cone (Phase 2, DR08 and DR11, Fig-
ure 2) and in early lava flows emplaced at the north-
western site (Phase 3, DR15 and DR19, Figure 2) in-
dicates an interaction between the basanitic magma,
and a shallower more evolved magma as shown by
Berthod et al. [2021b]. Samples from Phase 2 and
Phase 3 of the eruption are indeed aligned on a
straight line between the later products of Phase 1
(DR10), and a potential composition for the shal-
lower evolved magma, as represented by the com-
position of the glassy melt inclusions in equilib-
rium with the Fosg and Fos7 cores of reversely zoned
olivine (Figure 10).

To quantify the interaction between the two mag-
mas, we use a simple mass balance model between
sample DR10 (composition of the deep magma at the
end of Phase 1) and the melt inclusions (composition
of the evolved magma from the shallower reservoir).
The core compositions of reversely zoned olivine an-
tecrysts, although spanning a significant range (Fo
contents from 52 to 63%, Figure 8) do not vary
systematically during the eruption. The significant
range could be explained by the sampling of a mush,
and the absence of systematic variation suggests that
the composition of the evolved magma varies little
during the eruption. Also, reversely zoned olivine or
magnetite-rimmed ilmenite represent less than 1%
of the crystal cargo and have been only observed as
isolated crystals (Figures 4 and 5) indicating that the
magma ascending from the depths =35 km mainly
sampled a melt with few crystals or efficiently dis-
solved them. We have therefore neglected the crystals
in our model. Our results show that the percentage of
magma sampled from the evolved shallower magma
storage increased up to 14% of the volume released
during the second year of the eruption, and then de-
creased from the beginning of 2020 (Figure 11).

From October 2020, magma composition be-
came more primitive, and only a small percentage
of evolved magma can be estimated for DR14-02,
DR18-01, and DR20 samples (below standard de-
viations of the bulk-rock compositions). Evolution
towards a more mafic magma during an eruption
is usually interpreted as a recharge of the magma

system by a more primitive and hotter magma [e.g.,
Moore et al., 2014]. However, we do not observe any
evidence of mixing in crystal textures at the end of
the eruption (Figure 6). Instead, we observed the dis-
appearance of reversely zoned olivine or magnetite-
rimmed ilmenite in those samples (DR18-01, DR20,
and DR14-02, Figure 6) and the increase in the
amount of Ang;_g3Abss490r,_4 plagioclase in the
matrix. This evolution during Phase 3b would rather
be explained by a decrease in the amount of evolved
magma assimilated by a higher volume of mafic in-
truded magma or by exhaustion of the mobilizable
evolved magma stored in the shallower reservoir, or
through a change in the magma ascent path.
Calculations, coupled with our petrological obser-
vations, suggest that the tephri-phonolitic shallower
magma batch was sampled between May 2019 and
mid-2020, and no longer during the last months of
the eruption documented here. Using the DR14 sam-
ples (Figure 2), we can give a more precise date at
which the sampling of this shallower magma batch
stopped. Indeed, dredge DR14 sampled two distinct
lava flows emplaced between May 2020 and October
2020 (DR14-01 and DR14-03 samples) and between
October 6th and October 13th, 2020 (DR14-02 sam-
ple). DR14-01 and DR14-03 contain reversely zoned
olivine and magnetite-rimmed ilmenite, whereas
DR14-02 does not, which thus suggests that the
tephri-phonolitic shallower magma storage was no
longer sampled as of the beginning of October 2020.

6.4. Magma ascent during the eruption

We already have evidence of several changes in
the dyke pathway during the eruption (Figure 12).
Berthod et al. [2021b] suggested that the eruption of a
more evolved magma in Phase 2 could have resulted
from a change in a dyke pathway around May 2019.
As of August, the eruption changed site and contin-
ued 6 km NW of the main central edifice leading us to
propose the onset of a third phase. We note, however,
that the compositions of the lava flows (Phase 3a,
DR15 and DR19, Figure 7) are similar to Phase 2
with evolved lavas carrying reversely zoned olivine
or magnetite-armored ilmenite (Figures 5 and 6).
Therefore, the magma intrusion pathway change, or
its northward extension, occurred in the crust above
the shallower reservoir. The lack of change in the
depth and location of the deep seismic swarm during
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Figure 12. Diagram (not to scale) illustrating the dynamics of the magmatic plumbing system feeding the
eruption. We propose to divide the eruption sequence into three distinct phases induced by two magma
pathway changes. (Phase 1) During the first year of the eruption, the Fani Maoré eruption was fed by
direct ascent of a basanitic magma from a deep mantle lithospheric reservoir [=35 km deep, Berthod
et al., 2021b] to the surface. (Phase 2) In May 2019, basanitic magma ascent slowed and switched to a
pathway that sampled a shallower and tephri-phonolitic magma batch at the base of the crust [Berthod
et al,, 2021b]. (Phase 3a) In August 2019, the magma pathway shifted again in the crust resulting in a
new eruption site located 6 km northwest of the main edifice. (Phase 3b) Finally, latest petrological and
geochemical variations are associated with the exhaustion of the magma stored in the shallower reservoir.
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the eruption is consistent with the hypothesis that
the petrological variations of lavas, as well as the lo-
cation of a new eruptive vent 6 km to the northwest of
the main edifice, are caused by modifications of the
physical properties associated with the more super-
ficial magma reservoir and the crustal zone above it
[Lavayssiere et al., 2022]. This change in a dyke path-
way could also be related to the significant weight of
the 820 m-high Fani Maoré volcanic edifice, which
might have made it difficult for magma to rise ver-
tically once the flow rate and overpressure decreased
over time. Finally, a Phase 3b can be proposed from
October 2020 until January 18, 2021 (the last evi-
dence of new lava eruption at the time of writing in
June 2022) with the end of the sampling of the shal-
lower storage. The tephri-phonolitic magma storage
has been sampled for almost a year and a half after
(Figure 11). Petrological observations, coupled with
mass-balance modeling, concluded that this shallow
reservoir was no longer sampled as of October 2020.
Reversely zoned olivine originating from the shal-
lower reservoir display a Fo content varying from 52
to 63%, which does not change over time (Figure 7),
suggesting that this reservoir was homogeneous in
composition. A syn-eruptive magma path change is
probably not the most likely scenario. In fact, we note
that the regular and constant compositional evolu-
tion of the latest lavas can be explained by a decrease
in the amount of evolved magma assimilated and fi-
nally by exhaustion of that evolved magma stored
in the shallower reservoir. Therefore, we suggest that
this change results from the complete emptying of
the magma reservoir.

The petrological signature of the erupted magmas
suggests that there are several magma storage zones
containing eruptible melt beneath the Eastern Vol-
canic Chain of Mayotte (Figure 1b), but also that the
high-flux eruption of large volumes of magma from a
deep-seated reservoir below the Moho can influence
and trigger the subsequent tapping of eruptible melt
in the crust located at shallower depth just below the
Moho [Berthod et al., 2021a]. This has implications
with respect to the capacity of such large eruptions
to reactivate shallow-seated zones of a large long-
lasting magmatic system, which can feed continu-
ing eruptive activity with magmas of different petro-
logical characteristics and different volatile contents
[Bachmann and Bergantz, 2004, Wark et al., 2007,
Singer et al., 2016]. This conceptual model needs

further validation and could be of paramount im-
portance to assess the eruptive potential of the main
polybaric magmatic system or mush system below
the Horseshoe area of the Mayotte oriental subma-
rine volcanic chain, located within 10 km of Petite
Terre and 50 km of the Fani Maoré edifice (Figure 1b),
which is probably one of the most active areas of the
entire volcanic chain and is currently associated with
most of the volcano-tectonic, long-period (LP), and
very long-period (VLP) seismicity [Saurel et al., 2022,
Retailleau et al., 2020, Lavayssiere et al., 2022] as
well as fluid emissions rich in CO5, methane, and H,
[REVOSIMA bulletins; Mastin et al., 2022]. Further-
more, more detailed geomorphological and textural
analysis need to be considered to constraint physical
properties of the erupted material that controls the
ascent dynamics and submarine emplacement.

7. Conclusion

With twenty-six oceanographic campaigns, the 2018-
2021 Fani Maoré eruption off the coasts of Mayotte
is the most intensively monitored submarine erup-
tion. Time-lapsed bathymetric surveys coupled with
high-precision submarine dredging allowed us to fol-
low, for the first time, the syn-eruptive evolution of
the magma at the submarine eruptive site. Our petro-
logical and geochemical analyses carried out on the
dredged lava flows provide an exceptional descrip-
tion of the evolution of the entire submarine erup-
tion sequence that could be tracked and monitored
at a regularly spaced interval from May 2019 to Jan-
uary 2021. Our observations enable us to divide the
eruption sequence into three main different phases
induced by two distinct magma pathway changes:
(1) The first year of the eruption (Phase 1) is fed by di-
rect ascent of a basanitic magma (4.0-5.0 wt% MgO)
from the deep reservoir to the surface. (2) In May
2019, magma ascent slowed and switched to a path-
way that sampled a tephri-phonolitic magma batch
at the base of the crust (Phase 2); Lava flows display
evidence of assimilation (reversely zoned olivine)
and a more evolved composition (3.4-4.3 wt% MgO).
(3) Three months later, the activity shifted to a new
eruptive area 6 km northwest of the main edifice,
Fani Maoré, starting a third phase. Since the Phase 3a
lava flows are similar to Phase 2, we suggest that the
magma pathway switched again in the crust after
the sampling of the tephri-phonolitic magma batch.
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Finally, a third evolution is defined in October 2020,
associated with the exhaustion of the magma stored
in the shallower reservoir (Phase 3b) and a return to
compositions similar to Phase 1. From petrological
models (crystallization and mass-balance models),
we proposed that the initial geochemical evolution
(Phase 1) can be explained by 7-9% of fractional crys-
tallization at 1.0 GPa with 2.3 wt% H,O and an oxygen
fugacity at FMQ-1 from the most primitive samples.
However, fractional crystallization cannot explain the
rest of the eruptive sequence (Phases 2 and 3) and we
suggest that the geochemical signature of Phases 2
and 3 is related to mixing with an older differentiated
subcrustal magma storage.

These new data help determine the dynamics of
the magmatic systems feeding the remarkable Fani
Maoré eruption and provide critical constraints on
the shallow magma ascent pathway (<20 km) which
cannot be imaged geophysically since no seismic sig-
nals are recorded at these depths.
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Appendix A. Protocol for sorting and describ-
ing samples

Prior to the arrival of the dredge on deck, special
care was taken to clean the deck and to ensure that
no sample remained from previous dredges to avoid
contamination. When the dredge was above deck, it
was turned over and emptied. Whenever the dredge
contained popping rocks, it was shaken then put “at
rest” on deck for a few hours for safety reasons.

An initial description of the contents of the dredge
was performed, and pictures of the bulk prod-
ucts were taken, both within the dredge and with
the rocks on the deck. These pictures can help to
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approximately position the first collected samples (at
the base of the dredge) and the last ones (at the top).

As soon as we could approach the newly-dredged
material, samples were sorted into different litho-
logical and textural categories or types. For instance,
for volcanic rocks, categories can be fresh/juvenile,
altered and non-juvenile materials. If the juvenile
material was effusive, lava fragments were divided
according to their typology: whole or fragment
(glassy rim, interior) of pillow (see Section 4.2),
lava sheet (crust, interior), lava tunnel roof, and col-
umn. Descriptions included the vesicle size, den-
sity, and morphology (rounded, elongated, pipes),
crystal content, crystal nature and size, as well as
the presence of enclaves (mingling, xenoliths, cu-
mulates), iron-rich surficial deposits (crust), traces
of gas sublimates and/or /hydrothermal miner-
alization, and datable organic material. Pyroclas-
tic fragments (bombs, lapilli, ashes) were distin-
guished from their texture (glassy, dense, vesicu-
lated), and their size or coloration. Everything that
arguably predates the eruption, that had an altered
appearance or had a different color, such as brec-
ciated pyroclastic deposits, hemipelagic sedimen-
tary deposits, organic material, and crystal-rich frag-
ments were considered as non-juvenile to even non
volcanic fragments.

After this classification was completed, each sam-
ple was then described with a magnifying glass and
a binocular microscope, to refine and complete the
separation in different lithological types and their
description.

The second description step consisted in taking
pictures of the selected samples with a scale, a la-
bel and a sample number. A consistent number-
ing scheme has been defined for each campaign
off the coasts of Mayotte Mayotte. For instance, for
the monitoring survey MAYOBS 15 campaign, the
following numbering has been set: MAY15 (cam-
paign number)—DR14 (dredge number) 01 (family
number) 01 (subclass number if necessary). To fol-
low standard regulation an International Geo Sam-
ple Number (IGSN) had to be given before storage in
sample depositaries at Ifremer and [IPGP/Chambon.

In general, two boxes (about 30 kg each) were kept
as archives in the sample depositaries of [IFREMER
and IPGP to be available for analytical work and
sample requests from the scientific community.
An additional 2-3 boxes, based on weight or selected

samples for dedicated investigations, were also kept
for each participating institution involved in the
systematic petrological monitoring. A selection of
smaller most important samples including fresh
glass were brought back in the airplane by the partic-
ipating scientists in order to perform rapid geochem-
ical analyses and in some cases geochronological
measurements. The bulk of the archived material re-
turns via marine shipping along with the equipment.
Unfortunately, not all samples can be brought back,
and after careful study on board, samples from the
MAYOBS campaigns that are not selected (usually we
keep about 200-300 kg of rocks) are stored onboard
in a crate that will be emptied at the end of the cam-
paign during transit at the same specific site that is
well outside the studied area and well identified in
the logbook for future reference (Start: 16°50.40 S,
52°37.67 E; End: 16°51.70 S, 52°38.54 E).
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Abstract. Since May 2018 till the end of 2021, Mayotte island has been the locus of a major
submarine volcanic eruption characterized by the offshore emission of more than 6.5 km3 of
basanitic magma. The eruption occurred along a WNW-ESE trending submarine ridge on the
east flank of the island where, in addition, several seemingly recent phonolitic bodies were also
identified close to the island. To define realistic scenarios of magma ascent and potentially pre-
dict the style of an upcoming event, it is crucial to have a precise understanding on the plumb-
ing system operating below volcanoes. The putative relationships between basanites emitted by
the new volcano and these recent phonolites have been experimentally explored by performing
crystallization experiments on a representative basanite over a large range of pressures (up to
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400 MPa). The results show that the crystallization of basanite at crustal levels (<12-15 km) yields
a phonolitic residual liquid containing up to 3-4 wt% HpO after 265 wt% of an assemblage of
olivine+plagioclase+amphibole+clinopyroxene+biotite+magnetite+ilmenite+apatite. The final iron
content of the residual phonolitic liquids is strongly controlled by the depth/pressure of fractionation.
Fe-rich phonolites from the submarine ridge are produced at 6-8 km depth, while a shallower dif-
ferentiation (<4-5 km) results in the production of liquids with trachyte-benmoreite affinities. If the
fractionation process occurs at depths higher than 8 km, the resulting phonolitic melts are progres-
sively enriched in SiO2-Alp O3 but depleted in FeO*, ie unlike those erupted. We therefore conclude
that phonolitic magma production and storage at Mayotte is a rather shallow process.

Résumé. Depuis mai 2018 et jusqu’a la fin de 'année 2021, I'ile de Mayotte a été le scenario d'une
éruption volcanique sous-marine majeure caractérisée par 'émission en mer de plus de 6,5 km3
de magma basanitique. L'éruption s’est produite le long d’'une ride sous-marine orientée ONO-ESE
sur le flanc est de 1'ile o, entre autre, plusieurs corps phonolitiques d’ aspect récent ont également
été identifiés a proximité de l'ile. Pour définir des scénarios réalistes d’ascension du magma et po-
tentiellement prévoir le style d'un événement a venir, il est crucial d’avoir une compréhension pré-
cise du systeme de plomberie magmatique opérant sous les volcans. Les relations génétiques poten-
tielles entre les basanites émises par le nouveau volcan et ces phonolites récentes ont été explorées
expérimentalement en effectuant des expériences de cristallisation sur une basanite représentative,
et ce sur une large gamme de pressions (jusqu'a 400 MPa). Les résultats montrent que la cristallisa-
tion de la basanite a des profondeurs crustales (<12-15 km) produit un liquide résiduel phonolitique
contenant jusqu'a 3—4 % en poids (pd.%) de H2O, apres la précipitation d’au moins 65 pd.% d'un
assemblage d’olivine+plagioclase+amphibole+clinopyroxéne+biotite+ magnétite+ilménite+apatite.
La teneur finale en fer des liquides phonolitiques résiduels est fortement controlée par la profon-
deur/pression de cristallisation. Les phonolites riches en fer de la dorsale sous-marine sont produites
a 6-8 km de profondeur, tandis qu’'une différenciation moins profonde (<4-5 km) entraine la pro-
duction de liquides a affinités trachyte-benmoreite. Si le processus de fractionnement se produit a
des profondeurs supérieures a 8 km, les liquides phonolitiques résultants sont progressivement en-
richis en SiO2—Al» O3 mais appauvris en FeO*, c’est-a-dire différents des phonolites naturelles. Nous
concluons donc que la production et le stockage de magma phonolitique a Mayotte est un processus
plutot superficiel.

Keywords. Mayotte, Phase equilibria, Phonolite, Iron-enrichment, Basanite.
Mots-clés. Mayotte, Equilibres de phases, Phonolite, Enrichement en fer, Basanite.
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1. Introduction

Understanding the plumbing systems feeding vol-
canic eruptions is critical for providing an accurate
interpretation of the different signals (seismicity, sur-
face deformation, gas emissions) generated during
periods of volcanic reactivation or eruption. Having
accurate constraints on magma temperature, storage
depths and on the amount of volatiles (H,O, CO,,
S, E Cl... etc.) dissolved in the magma allow to de-
fine more realistic scenarios for simulating the as-
cent and potentially predict the style of the upcoming
event. In systems where different types of magmas
(i.e., mafic to felsic) are emitted, an important ques-
tion is to understand under which conditions basaltic
melts evolve towards felsic compositions, and in par-
ticular whether this process occurs in a single or in
multiple reservoirs located at different depths. This
is crucial for understanding the final storage level of
more evolved compositions and the structure of the

plumbing system beneath a volcano, as the genera-
tion level of the felsic melts may not correspond to
that of their pre-eruptive storage. In this contribu-
tion, we address this issue by unravelling the parental
relationships between recent erupted basanites and
phonolites at Mayotte (North Mozambique channel)
using an experimental approach.

Between May 2018 and the end of 2021, Mayotte
island has experienced a major submarine volcanic
eruption characterized by the emission of more than
6.55 km? of magma [Feuillet, 2019, ReVoSiMa, 2022].
Prior to this event, the island has not experienced his-
torical episodes of reactivation, and the latest known
volcanic event occurred some 7000 yrs ago on Petite
Terre [Zinke et al., 2003]. The 2018-2021 eruption oc-
curred along a WNW-ESE trending submarine ridge
on the east flank of the island (Figure 1).

Two main seismic swarms are still active below
the ridge: a proximal and a distal cluster [Bertil
et al., 2021, Cesca et al., 2020, Feuillet et al., 2021,
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Figure 1. (A) Location of Comoros archipelago in the Mozambique channel. (B) Geological map of the active
submarine volcanic ridge at Mayotte (modified from Feuillet et al. [2021]) showing the locations of the new
volcano, and the Horse-shoe zone having active submarine degassing. The location of the dredged samples
considered in this study is marked by yellow stars (modified from Berthod et al. [2021b]). (C) Depth distribution
of the two well identified seismic swarms over the submarine ridge of Mayotte (modified from Feuillet et al.
[2021]). The three seismically active zones R1, R2, R3 identified during this eruption, and the petrologically
inferred reservoir located below the volcano and intercepted by the rising magma, are also shown [Feuillet
etal., 2021, Foix et al., 2021 and Berthod et al., 2021b]. The emptying of a potential shallow phonolitic reservoir,
as inferred in this work, could have produced the Horseshoe structure (see text for details).
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Lavayssieére et al., 2022, Lemoine et al., 2020, Saurel
et al., 2021]. The distal cluster is located 30 km far
from the eastern coast of Petite Terre whereas the
proximal one is much closer (5-10 km from Petite
Terre). Feuillet et al. [2021] inferred that the distal
swarm was promoted by the drainage and consecu-
tive stress changes around a ~40 km deep magmatic
reservoir (R2). Relocations of seismic events recorded
by seismic stations onshore within the first weeks of
the crisis show that a dike propagated from this reser-
voir R2 to transport the magma toward the seafloor
at the eruption site [Feuillet et al., 2021]. Following
the eruption, the proximal cluster was activated likely
following the drainage of deeper (55 km) reservoir R1
and the consecutive collapse of a deep caldera struc-
ture above [Feuillet et al., 2021]. The proximal clus-
ter is located below an old caldera structure where
sits the Horseshoe zone [Figures 1B-C, Feuillet et al.,
2021]. Active degassing is observed in this zone, giv-
ing rise to submarine plumes but without emission
of fresh lava [Feuillet et al., 2021]. Ground deforma-
tion modeling revealed the drainage of about 5 km?
of a deep -seated reservoir [Lemoine et al., 2020], in-
ferred to be R2 [Feuillet et al., 2021].

Recent passive tomography data [Foix et al., 2021],
along with the detection of an important number of
very low frequency events at ~20 km [VLF; Laurent
et al., 2021], suggest the presence of a third reservoir
(R3; Figure 1C) above the deep caldera structure. The
reactivation of this reservoir could be at the origin of
the gas-emissions observed on the horseshoe region
[Foix et al., 2021].

Geothermobarometry calculations broadly sup-
port the above seismic depths for the deep reservoirs
(volume = 10 km3; depths > 37 km), in which the
hydrous (2.3 wt% HyO dissolved in melt, HoOpelt)
evolved basanite (generated by ~50% of crystalliza-
tion of a more primitive magma; Berthod et al.
[2021a]) was sourced. Berthod et al. [2021a] further
proposed that during its uprise, the basanite in-
tercepted a shallower pre-existing reservoir at 17 +
6.5 km below the new volcano (Figure 1C), in which a
more evolved magma originated during recent mag-
matic episodes was residing.

The appearance of the dense seismic swarm be-
neath the Horseshoe region (Figure 1C) and the dis-
covery of intensive submarine gas plumes, prompted
the community for sampling this zone located 15 km
away from Petite Terre. The study of samples dredged

in this area revealed the presence of a bimodal com-
positional distribution of the emitted magmas in
contrast to the new volcano, where basanite flows
predominate. Within the Horseshoe region, several
phonolitic bodies occur in abundance in addition
to basanites, outcropping on the caldera borders
and flowing downwards (Figure 1B; Berthod et al.
[2021a,b]). The possible genetic link between the
submarine basanites and phonolites was explored
in Berthod et al. [2021b] through fractional crys-
tallization modelling of major and trace elements
along with Rhyolite-MELTs simulations [Ghiorso and
Gualda, 2015]. These modelling results show that
the production of phonolite liquids from a hydrous
(2.3 wt% H2Opelt) basanite requires 80% of fractional
crystallization of a mineral assemblage consisting
of clinopyroxene (Cpx), olivine (Ol), magnetite (Mt),
apatite (Ap), ilmenite (Ilm) and anorthoclase alkali
feldspar (Afs) at <1000 °C, P = 600 MPa and fO, ~
FMQ-1. Cpx-Opx barometry performed on mantle
xenoliths carried by both phonolitic and basanitic
samples from the Horseshoe region, yields similar
storage conditions (15-20 km; Figure 1C). Based on
these lines of evidence, these authors conclude that
crystallisation of evolved basanitic melts at low oxy-
gen fugacity produced the erupted Fe-rich phonolitic
melts at Moho levels [Dofal et al., 2021].

It is worth noting that most of the phonolitic mag-
mas known worldwide evolve at relatively shallow
conditions [P < 200 MPa or <6-8 km; Andgjar et al.,
2008, 2010, 2013, Berndt et al., 2001, Harms et al.,
2004, Moussallam et al., 2013, Scaillet et al., 2008].
However, rare are the cases concerning mantle-
xenolith bearing phonolites [e.g. Berthod et al,
2021b, Dautria et al., 1983]. At first sight, the pres-
ence of mantle fragments within phonolitic magmas,
along with thermobarometric calculations, hint at
a rapid ascent of these magmas from deep man-
tle levels. Yet, examples of mafic to intermediate
magmas containing significant amounts of different
types of mantle xenoliths are manifold in alkaline
series [e.g., La Palma, Kliigel et al., 1999, 2022, Lan-
zarote, Neumann et al., 1995, La Garrotxa, Spain,
Pedrazzi et al., 2022]. Since the products and miner-
alogy of evolved phonolites often show evidence of
mixing-mingling with more mafic melts [i.e. mixed
pumices, presence of inverse zonations in feldspars,
olivine; Andujar et al., 2013, Anddjar and Scaillet,
2012, Berthod et al., 2021b, Wolff, 1985; among oth-
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ers], the injection of mantle-bearing mafic magmas
into phonolitic reservoirs could also account for
the occurrence of these mantle fragments into the
phonolites.

Another point worth of note is the use of thermo-
barometric equations [e.g., Putirka, 2008] along with
thermodynamic algorithms like MELTS or Rhyolite-
MELTS [Gualda et al., 2012] for retrieving the ponding
conditions and/or modelling the crystallization be-
havior of felsic alkaline magmas. These thermobaro-
metric calibrations have important associated uncer-
tainties on intensive parameters, in particular P [e.g.
+50 °C for T and +150-400 MPa for P or 5-12 km
in depth; Berthod et al., 2021a,b, Putirka, 2008, 2016,
Ubide et al., 2019] which limit their practical use
in volcanological contexts, notably for inferring pre-
cisely storage conditions or comparing them to geo-
physical data. In particular, recent works have shown
that amphibole- and Cpx- based geobarometers ei-
ther do not capture real pressure [Erdmann et al.,
2014] or overestimate considerably it [Hammer et al.,
2016], in particular when applied to alkaline magmas
[Hammer et al., 2016].

Similarly, while MELTs algorithm can faithfully
simulate the evolution of anhydrous mafic melts at
low pressures, the application of this model to the
study of hydrous mafic melts is still limited, in large
part because it cannot predict the crystallization
of important hydrous phases such as amphibole or
biotite. Significant differences in the crystallization
temperatures and stability fields of phases like Cpx
or Plagioclase in hydrous systems have also been re-
ported [Freise et al., 2009, MacDonald et al., 2021].

Whereas the above approaches remain valuable
for a first order evaluation of the ponding and evo-
lution conditions of crystal-bearing magmas, the un-
certainties and lack of calibration issues outlined
above indicate that these methods are not standalone
tools, and still need to be confronted to experimen-
tal results whenever possible. Accordingly, here we
report experimental data gained on mafic magmas
from Mayotte in order to put constraints on the gen-
eration conditions of phonolitic melts in this area.

2. Geological setting

Mayotte is the easternmost and oldest island of the
Comoros archipelago, composed of a main volcanic
island (Grande Terre) and a volcanic islet (Petite
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Figure 2. Total alkali (Na,O + K,O) versus
SiO, diagram [TAS after Le Bas and Streck-
eisen, 1991] showing the two different liquid
lines of descent of Mayotte magmas: highly
silica-undersaturated and moderately silica-
undersaturated trends. The products dredged
on the active submarine ridge and those from
Petite Terre are also shown. Compositional data
are from Pelleter et al. [2014] and Berthod et al.
[2021a,b].

Terre) located 4 km away to the east (Figure 1B).
Mayotte was constructed in three main different
phases of volcanism: the first stage corresponds to
the shield-building phase, between 20 and 3.8 Ma,
followed by a fissure-erupted post erosional phase
(3.8-2.5 Ma) and a final episode [2.4-1.5 Ma; Spith
etal., 1996]. In detail, the volcanic activity of Grande
Terre migrated from the southern part of the island
during early stages (10.6-1.9 Ma) towards the north
(5-0.75 Ma) and north-east (0.75-Present), with peri-
ods of quiescence in between [Debeuf, 2004, Nehlig
et al., 2013]. This period of activity may also con-
cern offshore WNW-ESE volcanic chains extending
from Petite-Terre down to the newly discovered Fani
Maore offshore volcano, Feuillet et al. [2021].

The compositions of magmas erupted on May-
otte islands and along the 60 km of submarine
ridge clearly define two distinct magmatic lineages.
Whereas magmas from the southern Mayotte region
are alkali-rich and highly silica undersaturated, those
from north central-east sectors and the most recent
Holocene products (including the 2018-2021 sub-
marine eruption) are also silica-undersaturated but
show a moderate alkali enrichment (Figure 2). Com-
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positional differences between these two series are
readily explained by the mineralogical heterogeneity
of their source regions [Spéth et al., 1996]. In both
cases, crystal-fractionation has been proposed to be
the main mechanism controlling magma evolution
[Berthod et al., 2021a,b, Pelleter et al., 2014, Spath
et al., 1996]. Despite their different sources, the mag-
mas from these two series are dominated by the
same mineralogy sensu latto. Ol+Cpx operate at the
very initial stages of the fractionation process, be-
ing joined, and progressively replaced by, Fe-Ti ox-
ides, feldspar and amphibole, as well as accessory
amounts of apatite and titanite with increasing de-
grees of differentiation [Debeuf, 2004, Pelleter et al.,
2014, Spath et al., 1996].

3. Experimental work

3.1. Preparation of the starting material

The starting material used for our experiments is
the sample DRO08 that was dredged during the early
phases of the 2018-2021 eruption by the MAYOBS-2
oceanographic campaign [Figure 1B; Table 1; Jorry,
2019]. This sample has been petrologically charac-
terized by Berthod et al. [2021a]; according to these
authors (see their Tables 2-4), it is an evolved glassy
popping-rock basanite (Mg ~ 4.5 wt%; Table 1) with
normative olivine content being =10%, moderately
vesicular (~31%) with 5-9% (calculated on a bubble-
free basis) of olivine (~Fo72 +2 mol%), and trace
amounts of Ti-magnetite and apatite.

Several pieces of this glassy rock were first finely
ground in an agate mortar, put in a Pt crucible at
1400 °C and melted twice, with grinding in between,
during 5 h in open atmosphere. Electron microprobe
analyses (EMPA) of the starting glass show a homoge-
neous composition with no significant Na or Fe loss
compared to data from Berthod et al. [2021a, Table 1].
The resulting dry glass was then ground to obtain
the powder that was used as starting material for the
phase equilibrium experiments and stored in an oven
at 120 °C.

3.2. Experimental equipment and strategy

In total, six experiments were performed (Table 2)
at the ISTO experimental laboratory, using the same
experimental apparatus and procedure of Andujar
et al. [2013], Moussallam et al. [2013], Scaillet et al.

[1992], which are briefly summarized below. Experi-
ments were carried out in an Internally Heated Pres-
sure Vessel (IHPV) operating vertically, loaded with
Ar-H, mixtures at room temperature to achieve the
desired fO, conditions (see below). Total pressure
was recorded by a transducer calibrated against a
Heise Bourdon gauge with an uncertainty of +20
bars. A double-winding kanthal furnace was used
as this allows to achieve near-isothermal conditions
(gradient <2-3 °C/cm) along a 3 cm long hot spot.
Temperature was measured using K-type thermo-
couples with an accuracy of +5 °C. A rapid-quench
technique was systematically used, imparting iso-
baric cooling rates of >100 °C/s [e.g., Anddgjar et al.,
2013, 2015, Scaillet et al., 2008]. In all runs reported
here, the drop quench was successful as indicated by
the rise in total pressure upon the falling of the sam-
ple holder into the cold (bottom) part of the vessel.

Experiments were mainly conducted at T-P con-
ditions covering those determined for similar phono-
lites worldwide [e.g., Andtjar et al., 2008, 2010, 2013,
Andujar and Scaillet, 2012, Giehl et al., 2013, Mous-
sallam et al., 2013, Scaillet et al., 2008]. Temperature
was set at 925 and 950 °C whereas explored pressures
were 100, 150, 200 and 400 MPa. Based on the iron-
rich character of the Mayotte phonolites [Berthod
et al.,, 2021b], the initial fO, was set at < NNO buffer
(where NNO refers to the Ni-NiO buffer) as Fe enrich-
ment in magmas is favoured by low fO. [e.g., Giehl
et al., 2013, Moussallam et al., 2013, Toplis and Car-
roll, 1995].

3.3. Capsule preparation

We used Au gold capsules (1.5 cm long, 2.5 mm in-
ner diameter, 0.2 mm wall thickness) since this metal
minimizes the Fe-loss towards the capsule walls
under reducing conditions. Distilled H,O was first
loaded, then silver oxalate as the source of CO, for
H,0O-undersaturated runs, and then the glass pow-
der. Capsules were weighed and then welded using
an arc-electric welder. After welding, capsules were
re-weighed and if no significant weight loss occurred
(considered to occur for a difference >0.0004 g (or
<0.1% of the final weight of the capsule)), they were
left in an oven for a few hours at 100 °C, to ensure ho-
mogeneous volatiles distribution. Both the amount
of H,O+ CO; and fluid/silicate ratio were maintained
constant (3 0.5 mg of H,O + CO,, and 30 mg sil-
icate). At a given T-P conditions, various starting
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H,0-CO, mixtures were explored: XH,Oj,, defined
as HyO/(H20 + CO3) (in moles), varied in the range
1-0.08 (Table 2).
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A typical experiment contained five or six cap-
sules, each loaded with a different H,O/CO, ratio.
Run duration varied between 64 and 74 h, depend-
ing on temperature. Experiments were terminated
by using the drop quench device and then switch-
ing off the power supply. After the experiments, cap-
sules were checked for leaks, opened, and half of the
run product was embedded in a probe mount with
an epoxy resin and polished for optical observation,
and carbon coated for subsequent EMPA and scan-
ning electron microscopy (SEM) characterisation.

3.4. Water content, f Hp, f O, in the capsules

The variation of the XH,O;, in the capsules al-
lowed us to explore different water fugacities, and
thus different HoOpep¢ (Table 2). The amount of dis-
solved water (XH»Oj,) in the glass of the differ-
ent H,O-saturated charges was calculated using the
H,O-solubility model of Jiménez-Mejias et al. [2021]
which is suited for basanitic-phonotephritic compo-
sitions. The water contents of charges with XH;,Oj,, <
1 ran at the same temperature and pressure than
the HyO-saturated charge, were calculated by mass
balance using the constraint of equilibrium fugaci-
ties of H»O and CO» species between melt and fluid,
along with the H,O-CO, solubility model of Jiménez-
Mejias et al. [2021].

The fH, of the experiments was determined us-
ing an empirical calibration curve established in pre-
vious experimental works, relating the H, pressure
loaded initially to the autoclave at room temperature
to the final fH, as determined using NiPd sensors
run at similar P-T-f0O, [Andujar and Scaillet, 2012,
Anddjar et al.,, 2015, Romano et al., 2018]. Once the
prevailing fHj is known, the fO; can be determined
by using the dissociation constant of water [Robie
et al., 1979], knowing the fH,O at the experimental
temperature and pressure. fH>O was calculated as
fH20 = XH,0y, * fH,0° where fH,0° is the fugac-
ity of pure water [Burnham et al., 1969]. Afterwards,
the fO, for each capsule was calculated (Table 2)
(see Andujar and Scaillet [2012] for further details).
The experiments were conducted at oxygen fugaci-
ties around NNO + 0.3 at HyO-saturation. As fO, de-
creases with XH,Ojy, [e.g., Andijar and Scaillet, 2012,
Freise et al., 2009, Scaillet et al., 1995, Webster et al.,
1987], at fixed T, P, fH,, for water-undersaturated

charges the prevailing oxygen fugacity is necessar-
ily <NNO # 0.3. As a result, in a single experimen-
tal series, the decrease in XH,0O;, from 1 to 0.08 de-
creased the fO, up to about 2.5 log units below the
NNO buffer (or ~1.8 log units below the Fayalite-
Magnetite-Quarz buffer, FMQ; Table 2).

3.5. Analytical techniques

Experimental runs were first characterized us-
ing a Zeiss Merlin Compact electron microscope
equipped with an EDS micro-analysis system
(Bruker-Quantax-XFlash6) at ISTO. EDS spectra
allowed a first order identification of the minerals
present in each charge. Experimental phases were
analyzed using a Cameca SX-Five EPMA with an
acceleration voltage of 15 kV, a sample current of
6 nA, and a counting time of 10 s. For glasses, a de-
focused beam of 20 um was used whereas for min-
erals a focused beam was employed instead. Sodium
and potassium were analyzed first and a Phi-Rho-Z
correction procedure was applied. Major elements
calibration was done using the following standards:
albite (Na, Si), orthoclase (K), andradite (Ca), apatite
(P), chromite (Cr), corundum (Al), magnesium oxide
(Mg), hematite (Fe) and pyrophanite (Mn, Ti). The
relative analytical errors are 1% (SiO,, Al,O3, Ca0),
3% (FeO, MgO, TiOy) and 5% (MnO, Na,O, K,O,
P,0s).

In the case of experimental plagioclase (Pl), the
small size of this phase in the charges (usually <3 pm)
along with the presence of small (<0.5 pm) Fe-Ti
oxides-apatite inclusions inside the crystals, made
difficult the proper analysis of this phase with EPMA.
To circumvent this problem, Pl composition was ob-
tained via using a SEM-EDS calibrated analysis: al-
bite, orthose and andradite EMPA standards were an-
alyzed first with a focused beam (1 um), a voltage
of 15 kV and counting times of 15 s for the different
elements (Na, K, Si, Al, Ca, Na, K). SEM-EDS com-
positions of the standards were found to be within
<5% to those obtained by EMPA (see Supplemen-
tary Table). Consequently, experimental plagioclases
were determined by SEM-EDS in each charge, us-
ing the same conditions and the average SEM-EDS
calibrated compositions fulfilling the stoichiomet-
ric requirements for this phase (see Supplementary
Table).
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Table 3. Experimental olivine compositions (wt%)
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Charge T (°C) P (MPa) n SiO, TiO, Al,O3 FeO* MnO MgO CaO Na;O KO Sum Fo%
DR08-142 950 400 3 335 0.2 02 438 1.1 199 0.7 0.1 0.0 995 448
sd 04 0.1 0.2 1.0 0.1 03 04 0.1 0.0 0.7 0.2
DR08-143 950 400 2 329 0.3 0.1 473 1.2 176 0.9 0.1 0.0 100.5 399
sd 0.0 0.0 0.0 0.2 0.1 0.2 0.1 0.0 0.0 0.0 0.3
DR08-144 950 400 1 328 0.5 0.7 489 13 164 0.8 0.1 0.1 101.7 37.5
DR08-145 950 400 1 342 0.3 1.5 450 16 15.0 1.1 0.3 0.2 99.2 373
DR08-155 925 400 2 327 0.2 0.1 503 1.8 139 1.3 0.1 0.1 100.5 33.0
sd 0.5 0.1 0.1 1.0 0.1 05 0.2 0.0 0.1 0.7 0.4
DR08-157 925 400 1 327 0.5 05 493 14 135 1.6 0.1 0.1 99.6 328
DR0